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considerable interest in d-c overpotential 
testing 2 because of its convenience and 
the information obtained from current 
leakage measurements. A-c overpoten¬ 
tial testing usually involves no current 
measurement and, therefore, must be de¬ 
structive to detect faults. On the other 
hand, d-c testing makes leakage current 
measurements easy. Furthermore, the 
leakage current is not masked by charging' 


O verpotential tests are applied 

to electric apparatus to demon¬ 
strate the ability of the insulation to with¬ 
stand a specific voltage for a certain 
period of time. These tests are based 
largely on experience and are established 
by industry standards for new machines. 
Practically all recognized standard over¬ 
potential tests on electric machinery are 
made with alternating current. During 
the last several years, investigation of d-c 
overpotential testing has indicated basic 
advantages over a-c testing and that 
direct current could be used as a satisfac¬ 
tory overpotential test on large high- 
voltage machines. From a practical 
standpoint, the overpotential test does 
not check the adequacy of the design or 
inherent breakdown level of the insulat¬ 
ing materials, but rather is a check for 
flaws in the materials and manufacturing 
methods. The test which is effective in 
achieving this objective with the least 
destruction to the basic materials ac¬ 
cordingly would have the greatest merit. 

Basic Advantages of D-C Over¬ 
potential Testing 

Recent investigations 1 have shown 
some significant advantages to be ob¬ 
tained using d-c overpotential tests: 

1. The voltages which are equally search¬ 
ing for defects and physical damage are far 
less damaging than the equivalent alternat¬ 
ing voltages. 

2. The slope of the voltage endurance 
curve is such that the time of voltage appli¬ 
cation is not nearly so critical with direct as 
with alternating current. 

3. The problems associated with d-c test¬ 
ing of large, equipment are far simpler, as a 
testing device with limited capacity can be 
used. Therefore, the d-c tester is a small, 
relatively portable device which can utilize 
any convenient power supply. 
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4. The use of the d-c test voltages required 
will give assurance that the insertion has 
passed a voltage test which can be co¬ 
ordinated with conventional machine light¬ 
ning arrester protection. 

Experience in testing many specimens 
of conventional high-voltage insulation 
has given a basis for determining equiva¬ 
lent alternating and direct voltages to pro¬ 
duce insulation failures. Figure 1 is illus¬ 
trative of tests of this nature. Also, a-c 
and d-c breakdown tests on old stator 
windings served to help establish a ratio of 
direct to alternating current (rms) for 
equally searching effect for common 
types of insulation faults. It was found 
that an equally searching value of direct 
current is a smaller percentage of the in¬ 
herent d-c strength of insulation than in 
the case with alternating current. On the 
basis of these investigations, a value of 
direct to alternating current (rms) of 1 .(j 
has been proposed for maintenance tests 
of large high-voltage rotating machin¬ 
ery. 2 

Figure 1 indicates the results of both a-c 
and d-c dielectric strength studies of high- 
voltage insulation samples. The flatness 
of the voltage endurance curve for direct 
current is of considerable interest as it 
indicates that time of direct voltage ap¬ 
plication is far less significant in its ef¬ 
fect on failure voltage than when a-c 
stress is applied. It further indicates 
that there is no fixed ratio of direct to 
alternating voltage for equal destructive 
effect, and that if a d-c to a-c ratio is to 
be employed it must be at a specific time 
of voltage application 

For small apparatus, which has low 
capacitance from the winding to ground, 
a-c test equipin^it is readily portable as 
the size is not important. On larger and 
higher voltage apparatus, where the 
capacitance of the winding to ground is 
large, the test equipment for overpoten¬ 
tial testing with alternating current be¬ 
comes quite large and testing, both in the 
shop and in the field, presents some prob¬ 
lems. On the other hand, d-c overpoten- 
tial test equipment can be made which is 
reasonably small and portable. Figure 2 
shows a commercial instrument suitable 
for making high-voltage d-c overpotential 
tests on generator windings. There is 


current as is the case with a-c testing. 

Previous Limitations of D-C Testing 

D-c overpotential testing of insulation 
is by no means a new subject. However, 
in recent years there has been a renewed 
interest in this controversial subject be¬ 
cause of new information presented by 
various investigators. Early investiga¬ 
tions with d-c testing listed the following 
disadvantages: 

1. Different stress distribution with direct 
current than with alternating current. 

2. Lack of suitable high-voltage d-c test 
equipment. 

3. The wide variation of direct to alter¬ 
nating voltage breakdown of solid insula¬ 
tions. 

It has been a usual practice in testing 
that the stress applied during test should 
be as similar as possible to the stress to 
which the equipment is subjected in 
normal service. In general, therefore, 
a-c apparatus should be tested with al¬ 
ternating current. However, present 
tests of d-c equipment are made with 
alternating current. A main objection to 
d-c testing is that the stress distribution 
of a-c apparatus is determined by the 
leakage resistance when direct current is 
applied and by the capacitance when al¬ 
ternating current is applied. The stress 
distribution with a d-c test therefore may 
differ greatly from that in normal service. 
It is true that the stress with direct cur¬ 
rent extends much farther out on end 
winding portions than an equivalent a-c 
stress. This results in parts of the wind¬ 
ing being subjected to stresses different 
from operating conditions. However, the 
stress with direct current appears to 
build up slow enough so that it does not 
constitute a major problem with the usual 
times that such tests are applied. In 
several cases, defective end-turn insula¬ 
tion has been discovered at direct volt¬ 
ages far below the peak of regular a-c tests 
that could not be detected by alternating 
current. For factory testing, it is ex¬ 
pected that d-c tests will show up poor 
insulation design on parts formerly of 
little concern. During a-c tests on solid 
insulation, the stress depends upon the 
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Figure 1 (left). 
Alternating and 
direct voltage 
endurance for 
high-voltage gen¬ 
erator insulation. 
Large symbols 
indicate aver¬ 
ages; small 

symbols indicate 
3 0 - limits 


Figure 2 (right). 
D-c overpoten¬ 
tial test of a large 
turbine generator 


weeding out defective insulation that may 
result in coil failures during final test. A 
d-c test voltage is required that has equal 
or greater destructive effect than the final 
1-minute a-c test voltage to adequately 



thickness and dielectric constant of the 
components, thus stressing the binding 
materials more than the mica because of 
the lower dielectric constant of usual 
binding materials. With d-c tests, the 


2. Lower voltage rectifiers which use lad¬ 
der circuits in cascade to produce the re¬ 
quired output voltage. 

Adequate d-c insulation test equipment 
utilizing each method is in use. 


insure that any coils with weak insulation 
are detected before the final test. Table I 
indicates some of the test voltages that 
are applied during winding of high-volt¬ 
age machines. At these high direct volt¬ 
ages, little attempt has been made to cor¬ 


stress distribution through the material 
will be determined by the volume re¬ 
sistivity of its components and the major 
components of the insulation regarding 
dielectric strength (the mica) will be sub¬ 
jected to the greatest stress. 

Even early investigations were quick 


The variation in the d-c and a-c peak 
breakdown voltages of solid insulations 
is a very controversial subject and prob¬ 
ably will prevent utilizing the advantages 
of d-c testing until more information on 
specific insulation systems can be deter¬ 
mined. It is doubtful that an absolute 


relate leakage and dielectric strength; 
the primary use of the leakage is an in¬ 
dication to the tester of impending trouble 
indicated by current runaway. Another 
factor preventing correlation between 
leakage and insulation strength during d-c 
test is that momentary or 1-minute tests 


to note advantages of applying a direct 
voltage which was considerably less than 
the normal operating alternating volt¬ 
age, The majority of insulation failures 
in service are due to the presence of mois¬ 
ture, which gives rise to conducting paths 
on the internal or external surfaces of the 
insulation. A d-c test is a very sensitive 
detector of moisture penetration. In¬ 
sulation resistance measurements have 
provided a relatively simple criterion of 
the condition of insulation for many 
years. 

Recent improvements in the last dec¬ 
ade in high-voltage rectifying tubes have 
largely eliminated the problem of equip¬ 
ment. Several manufacturers are able to 
supply d-c test apparatus with the volt¬ 
age range and portability required. Three 
conventional circuits for d-c test equip¬ 
ment are shown in Figure 3. These 
testers usually use one of two basic cir¬ 
cuits with slight modifications. 


equivalent ratio of d-c to a-c peak volt¬ 
age can be determined for solid insula¬ 
tion. However, and this is important, d-c 
tests can be used to give assurance of the 
absence of specific types of insulation 
faults. 

Shop D-C Overpotential Testing 

The advantages of d-c testing were ap¬ 
plied to d-c armature coils long before its 
use was extended to high-voltage insula¬ 
tion. In connection with turn insulation 
failures on a certain type motor, d-c test¬ 
ing was distinctly advantageous in the de¬ 
tection of copper slivers and similar 
faults. D-c testing of turn insulation on 
low-voltage equipment during coil manu¬ 
facture has given excellent results during 
the past 4 years. 

Preliminary winding tests have been 
made with direct as well as with alternat¬ 
ing current on high-voltage windings for 


are used and no steady-state leakage is 
reached in these time intervals; the rate 
at which the voltage is applied is an im- 
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CONVENTIONAL 30 KV, DC POWER SUPPLY CIRCUIT 



VOLTAGE DOUBLER CIRCUIT 



LADDER TYPE TRIPLER CIRCUIT, 45 KV POWER SUPPLY 


1. Single high-voltage rectifier circuits— the last y ear - Manufacturers’ prelimi- Fig ure 3. Conventional d-c high-voltage 

full or half wave. nary winding tests are directed toward test circuits 
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Table 1. 

D-C Overpotentiai Test Voltages 


Voltage Class, 
Kilovolts 

« 

Bottom Coil Test 
(Momentary), 
Kilovolts 

First Winding Test 
(Momentary Before 
Connections), 
Kilovolts 

Second Winding Test 
(Momentary After 
Connections), 

Kilovolts 

Final Test. 
Kilovolts 

11 . 

.59. 

.59. 

.<56.5. 

.51.5 

12.5. 

.66. 

.66. 

.63.1. 

.57.4 

*13.2. 

.71. 

.71. 

.67.5. 

.61.4 

13.8. 

.73. 

.73. 

.69.3. 

.63.0 

14.4. 

.77. 

.77. 

.73.3. 

.66.7 

16.5. 

.89. 

.89. 

.83.8. 

.76.2 

18 . 

.97. 

.97. 

.91.3. 

.83.0 


portant factor which determines the leak¬ 
age at these relatively short time in¬ 
tervals. 

For adequate d-c test voltages for pre¬ 
liminary winding tests of the conven¬ 
tional 13.8-kv class high-voltage stators, 
a tester of about 75 kv is required. With 
the advent of higher direct voltages ap¬ 
plied to high-voltage windings, a new 
problem became more serious than with 
the lower voltage testers. Voltage re¬ 
covery of solid dielectrics is due to the 
absorptive nature of such dielectrics. The 
reversible absorption current which causes 
voltage recovery is a function of the ap¬ 
plied voltage, time of voltage application, 
and type of dielectric. Voltage recovery 
characteristics of several high-voltage 
windings have been measured. It is 
evident that recovery voltages of suffi¬ 
ciently high magnitudes as to constitute a 
serious safety problem were possible if the 


winding was not grounded properly after 
a high-voltage d-c test. Figure 5 shows 
the voltage recovery characteristics of a 
high-voltage winding with different 
grounding times. A winding should be 
grounded at least 60 minutes after a high- 
voltage d-c test has been applied. 

Shop acceptance of d-c overpotential 
testing has been good. This can be at¬ 
tributed to several factors: 

1. Ease of operation of test equipment. 

2. Reduced setup time. 

3. Visual indication of insulation condition 
during testing by suitable meters on the test 
equipment. 

Results of using d-c overpotential tests 
during winding of high-voltage generators 
have shown d-c tests can be relied upon to 
locate and detect incipient insulation 
weaknesses in high-voltage generator in¬ 
sulation. It is expected that in the near 


future d-c will replace. preliminary a-c 
tests in the winding sections. This will 
eliminate all a-c tests except the com¬ 
mercial final winding test. 

In addition to the final a-c overpoten¬ 
tial tests on new windings, dielectric ab¬ 
sorption curves at operating stress are 
contemplated. This information will be 
available to the customer and may be 
used as an aid in determining insulation 
deterioration during subsequent inspec¬ 
tions. It is hoped also that leakage cur¬ 
rent at some direct voltage that will be 
used for overpotential testing the winding 
during maintenance periods can be fur¬ 
nished the customer. 

D-C Maintenance Tests of Large 
High-Voltage Generators 

Field acceptance and maintenance 
tests have long been a problem because of 
the size of a-c test equipment and power 
supply required. Overpotential tests are 
the only means for providing assurance 
that the winding insulation has a certain 
minimum insulation level. Suitably 
selected values of direct current are 
equally as searching for likely types of in¬ 
sulation weakness with the expectancy of 
small or negligible destructive effect on 
good insulation. In addition, d-c over¬ 
potentials appear to be fundamentally 
advantageous for maintenance testing. 
In addition to basic advantages, the re- 


Figure 4. Voltage re¬ 
covery characteristics of 
a high-voltage generator 
winding 
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quired test equipment is much less expen¬ 
sive and far less costly and cumbersome 
to transport. Also, insulation leakage at 
high stresses may be measured. There¬ 
fore d-c overpotential tests were recom¬ 
mended for maintenance tests. 

During the last 2 years, many gener¬ 
ators have had d-c overpotential main¬ 
tenance tests applied to the stator wind¬ 
ings. For 13.8-kv machines with modern 
insulation, the usual d-c overpotential 
test was 30 kv for 1 minute. In no case 
has this test failed to pick out serious 
cases of insulation weaknesses. In addi¬ 
tion to stator insulation faults, other in¬ 
cipient weaknesses have been detected in 
buswork and cables. During maintenance 
d-c overpotential tests, 10-minute di¬ 
electric absorption curves are made in the 
range of 1 to 15 kv direct current. Over¬ 
potential tests usually have been made on 
all three phases to ground with direct 
current; separating of phases usually in¬ 
volves considerable labor and time and is 
not considered necessary unless trouble 
develops. On windings indicating low in¬ 
sulation resistance or failure on overpo¬ 
tential test, phases are separated to assist 
in locating the trouble. However, most 
cases of winding faults during overpoten¬ 
tial tests are readily visually detected. 
The ability of direct current to detect and 
locate insulation faults with minimum 
damage to the insulation is now well es¬ 
tablished for maintenance testing. 

In several instances d-c tests have in¬ 


dicated very low insulation resistance. 
One such case involved a thermocouple in 
the neutral which, with the winding iso¬ 
lated from ground, caused very high leak¬ 
age at relatively low d-c test voltage. 
This thermocouple, not used since the 
first few days of operation, was removed 
and the machine had a satisfactory in¬ 
sulation resistance at 30 kv direct current. 
In another instance, a generator cable 
passing near a concrete wall had been 
sprayed with aluminum paint, which 
possibly could cause trouble if not re¬ 
moved. The d-c test quickly indicated 
high leakage. In only one case has a high- 
voltage machine indicated high leakage 
during d-c test which could be attributed 
to the machine insulation. 

The usual range of insulation resistance 
after 1-minute voltage application during 
d-c overpotential test (25 to 30 kv direct 
current) encountered in high-voltage 
synchronous machine windings is as fol¬ 
lows: 

Hydrogen-cooled synchronous generators, 
100 to 500 megohms. 

Air-cooled synchronous generators, 50 to 
200 megohms. 

These values are average values for many 
machines tested and do not necessarily in¬ 
dicate that an insulation resistance lower 
than these limits should cause concern. 
Insulation resistance, especially at high 
direct voltages, depends upon many 
factors. For an individual generator 
winding, such factors as type of insula- 

NoD iscussion 


tion, age, atmospheric conditions, clean¬ 
liness, and size of winding must be taken 
into account when considering insulation 
resistance of a particular machine. 

Summary 

To date about 4,000,000 kva of high- 
voltage generating equipment have been 
inspected in the field and d-c overpoten- 
tial tests have been made to give assur¬ 
ance of adequate insulation level. About 
1,000,000 kva of generating equipment 
have been tested with direct current in 
the Westinghouse factory. The success 
and general acceptance of this test method 
has been widespread both in the shop and 
in the field. 

While much fundamental investigation 
of d-c versus a-c testing will be accom¬ 
plished by many individuals in the next 
few years, there can be little doubt that 
d-c overpotential testing will be ex¬ 
panded where applicable to take advan¬ 
tage, in addition to fundamental advan¬ 
tages, of its low r er initial cost and lower 
operating cost, with more informative 
test results. 
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Synopsis: Following a method due origi¬ 
nally to Stalhane and Pyk, 1 the thermal 
resistivity of soil may be measured in situ 
by thrusting a long heated needle into the 
ground to the required depth and measuring 
its temperature every 30 seconds for 15 to 30 
minutes. The slope of the resulting tem¬ 
perature versus time curve on semilog paper 
is proportional to the thermal resistivity of 
the soil, and the constant of proportionality 
is derivable theoretically. The finite diam¬ 
eter of the needle is taken into account by 
adjusting the zero time to a value found by 
plotting dt/dd against t. The effects of the 
finite length of the needle are difficult to 
assess but appear to be unimportant for the 


duration of a typical determination. Re¬ 
sistivity values obtained agree with those 
obtained by the steady-state method. A 
crew of three can make determinations at the 
rate of one to three per hour. 


T HE effect of the thermal resistivity 
of the soil on the temperature rise of 
a buried cable is well known. It is of par¬ 
ticular importance for the newer directly 
buried and pipe-type installations in 
which the temperature rise through the 
soil forms a larger part of the total rise 


than is the case with the older concrete 
duct types. 

In the autumn of 1949, plans of The 
Hydro-Electric Power Commission of 
Ontario to install some 25,000 feet of 
underground high-voltage cable necessi¬ 
tated the immediate determination of the 
thermal resistivity of the soil along the 
proposed route with a reasonable degree 
of accuracy. 

There are two possible procedures to be 
followed in making such measurements. 
Samples of the soil may be conveyed to 
the laboratory or the measurements may 
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be made in situ. Since the thermal re¬ 
sistivity of the soil is very dependent upon 
the degree of compaction and the moisture 
content and since these are bound to suf¬ 
fer change while the sample is being dug- 
up and conveyed to the laboratory, an in 
situ method is greatly to be preferred. 

■t 

Laboratory Methods 

The classical laboratory procedure is to 
use a hot plate with a guard ring. This is 
an absolute method in that it measures 
the thermal resistivity directly in terms of 
its definition as the temperature drop per 
unit thickness per unit rate of heat flow 
per unit area. For homogeneous, simple 
substances, this device provides the basic 
method of thermal resistivity measure¬ 
ment against which all other methods may 
be compared. For complex, heterogene¬ 
ous materials such as soil, however, the 
picture is somewhat different. The large 
thermal gradient involved in the usual 
hot-plate determination, and the long 
times required to reach equilibrium, cause 
the moisture in the soil to migrate to the 
cool plate. The resulting variations in 
moisture content are bound to give er¬ 
roneous results. Also, the apparatus re¬ 
quired for this method is very costly and 
must be used with great care to obtain 
significant results. Obviously then, it is 
not suited to the investigation of the 
thermal resistivity of the soil along a pro¬ 
posed cable route. 

Classical in situ Method 

Any method designed to measure the 
thermal resistivity of an undisturbed 
sample of soil must employ some buried, 
heated body and must provide for the 
measurement of the temperature rise of 
this body, or of an adjacent measuring 
point, over the temperature of some re¬ 
mote point. The buried, heated body 
may be either a cylinder or a sphere, but 
the latter is the more usual choice as it 
avoids the troublesome end effects. The 
very act of burying such a body results in 
some disturbance of the soil, but this can 
be overcome by careful recompaction and 
by allowing time for the soil to regain its 
original conditions before measurements 
are made. The heated body must be sup¬ 
plied with a heat inflow which must be 
maintained constant until equilibrium 
conditions are reached. This may take 
many days. 

The buried-sphere method was used at 
five positions along the proposed cable 
route and values of thermal resistivity 
from 52 to 860 thermal ohm-centimeters 
(degrees Celsius-centimeters per watt) 


were obtained. This abnormally large 
value turned out to be due to a bed of 
broken porcelain insulators. However, a 
number of actual soil resistivities went 
well over 100 thermal ohm-centimeters. 
The large range of these results indicated 
the need for a more detailed survey of the 
route. This was clearly impractical with 
the buried spheres because of the long 
times involved and especially because the 
storage batteries supplying them must be 
changed daily. 

The type of sphere used for these steady- 
state measurements may be of interest. 
Those described in the literature 2 consist 
of an air-hlled, hollow metal sphere con¬ 
taining a heater which is carefully de¬ 
signed and expensively constructed to 
produce an approximately isothermal sur¬ 
face. This type of construction was 
clearly impractical for the large number 
of determinations to be made in a short 
time. To achieve an isothermal surface 
inexpensively so that a large number of 
spheres could be constructed and in¬ 
stalled at reasonable cost, a solid, cast- 
aluminum-alloy sphere was developed. 
It was made approximately 4 inches in 
diameter with a H/Vinch diameter hole 
2V2 inches long cast into it. This hole 
was plugged with an aluminum cylinder 
on which was wound a heater. A ther¬ 
mocouple was embedded in the outer sur¬ 
face of the sphere on its equator. Labora¬ 
tory tests indicated that the outer sur¬ 
face was isothermal to within a small frac¬ 
tion of a degree Celsius. 

Transient Methods 

While searching for a more rapid 
method of making these thermal measure¬ 
ments, it was discovered that F. C. 
Hooper of the University of Toronto had 
in his possession copies of some European 
papers 1 * 3 * 4 which described a rapid, tran¬ 
sient method of measuring thermal re¬ 
sistivity and which gave the mathemat¬ 
ical derivation of the necessary equations. 
This is based on a suggestion made origi¬ 
nally by Stalhane and Pyk. 1 

This transient method is based on the 
fact that not only the ultimate tempera¬ 
ture rise of the heated body but also the 
rate of temperature rise will depend upon 
the thermal constants of the material in 
which it is immersed. Whereas it is 
usual to use a sphere for the steady-state 
method to avoid the end effects, the tran¬ 
sient method can avoid these simply by 
using a time short enough to prevent 
them becoming important. The use of a 
cylinder in the form of a long needle has 
the advantage that it may be buried 
simply by thrusting it into the soil to the 


required depth. The most difficult thing 
about this method is the mathematical 
basis. However, the practical calcula¬ 
tions are simple and may be reduced to an 
easy routine which can be followed suc¬ 
cessfully without need for mathematical 
training. 

This transient needle method was used 
successfully and checked experimentally 
against the steady-state, buried-sphere 
method during the fall and winter of 
1949-1950. Further laboratory experi¬ 
ments are planned to check the needle 
operation under a range of controlled 
soil conditions and to answer certain ques¬ 
tions about sample size, accuracy, and 
moisture migration. In addition, further 
theoretical work is being carried out in an 
attempt to put the measurements on a 
less empirical basis. The Chemical Re¬ 
search Department of The Hydro-Elec¬ 
tric Power Commission of Ontario also is 
using the transient principle, but with a 
much smaller needle, to measure the re¬ 
sistivities of thermal insulating materials. 

Construction of Needle 

All the needles built to date by the pres¬ 
ent authors have used a 1/4-inch out¬ 
side-diameter steel tube as the outer 
cover. Since this is fairly flexible, it is 
necessary to make the heater assembly 
flexible also. A convenient way of doing 
this and at the same time obtaining an 
electrical resistance which can be matched 
conveniently by storage batteries is to 
wind number 26 gauge enameled, double¬ 
cotton-covered copper wire on a length of 
varnished cambric or polyethylene tubing 
which is then pulled into the steel tube. 
The lower end of the heater wire is sold¬ 
ered to the steel tube which acts as one 
lead. The lower end of the tube is plugged 
with a pointed steel rod to assist in in¬ 
serting the needle into the soil. The up¬ 
per end of the tube has a handle brazed 
to it to facilitate its removal after the 
test. 

When constructing the earlier needles, 
great care was taken to ensure that the 
thermocouple was in contact with the steel 
tube so that the temperature would be 
measured at a definite radius and at a 
point outside the actual source of heat. 
Further experience, however, indicated 
that it was quite as good and much more 
convenient to put the thermocouple in¬ 
side the hollow heater coil form, and so 
avoid any heater asymmetries and risks 
of short circuits. 

These needles use a heater at least 2 
feet long. The latest one has a total 
heater length of 5 feet with four number 
30, Copper-Constantan thermocouples, 
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Figure 1. Guide plate for 
auger 


placed at 1, 2, 3, and 4 feet from the end 
of the needle so that each test gives four 
values for the thermal resistivity at four 
different depths. 

The leads from the heater and the ther¬ 
mocouples are brought out to convenient 
sockets mounted on the handle, and con¬ 
necting cords are furnished to allow of 
easy connection to the instruments. 

If insulated resistance wire with a neg¬ 
ligible temperature coefficient and a con¬ 
venient resistivity were available, it 
could be used with advantage for the 
heater as it would then be necessary to 
measure only the current input rather 
than the power as at present. 

Method of Use 

For most soils it is advisable to prepare 
a hole by using a solid steel rod with an 
auger welded to its end. To avoid en¬ 
larging the hole near the surface, a plate, 
see Figure 1, is used to guide the rod. 

Once the needle is in place, the tem¬ 
peratures of the thermocouples are read 
at intervals until they have reached the 
temperature of the earth as shown by no 
further change in the temperatures indi¬ 
cated. This usually takes about 10 
minutes. The power is then turned on 
and is maintained at a constant value by 
the use of a variable resistor and a watt¬ 
meter. A second operator takes readings 
of the temperatures indicated by the 
thermocouples at exactly 30-second in¬ 
tervals from the instant of switching on. 
They are taken for approximately 25 
minutes unless the indicated temperatures 
reach dangerously high values (of the 
order of 100 degrees Celsius) earlier. 
If the thermal resistivity is abnormally 
high, it may be necessary to allow the 
needle to cool to ambient earth tempera¬ 
ture, and then repeat the run with a re¬ 
duced power input. For most soils, a 
power input of 15 to 25 watts per foot of 

needle is satisfactory. 

A crew of three men with two needles 
can make one to three resistivity deter¬ 
minations per hour. The third man goes 


on ahead and buries the second needle so 
that it has reached equilibrium with the 
soil by the time the other two get to 

it. 

The temperature readings obtained are 
plotted on the linear scale of a sheet of 
semilog paper against the times from the 
instant of switching on the power. A 
typical curve obtained forms Figure 2. 
Neglecting the readings for the first 3 to 5 
minutes, it is usually possible to draw a 
straight line through the rest of the points 
so plotted. The thermal resistivity is 
measured by reading off the rise in tem¬ 
perature (in degrees Celsius) over one 
cycle of the logarithmic scale, and mul¬ 
tiplying this by the factor 4xL/2.303 p, 
where p is the power input to the needle 
in watts, and L is the length of the needle 
in centimeters. This gives the thermal 
resistivity of the soil in thermal ohm- 


centimeters (degrees Celsius-centim- 
eters per watt). For a needle with a — 
foot-long heater, this needle constant re¬ 
duces to 332 /p. 

It is tempting to simplify the measure¬ 
ment procedure still further by taking 
only two spot readings at say 5 and^ 10 
minutes after switching on. If this is 
done, curves can be prepared so that the 
thermal resistivity is read off directly, or 
a simple slide-rule calculation can be used. 
Experience has indicated, however, that 
this is not sufficiently reliable. If it is 
worth making the measurement, it is 
worth taking readings every 30 seconds 
and plotting the temperature versus log¬ 
time curve. Any unusual behavior then 
shows up, and grossly inaccurate results 
caused by one incorrect reading can be 
avoided. 

For the usual run of soils, a plot of the 
temperature rise 6 versus log t for times 
of 5 to 25 minutes gives an obviously 
straight portion. For some soils,. par¬ 
ticularly for those with high resistivity, 
there may be no straight portion. In such 
cases, the assumption that the time t can 
be measured from the instant of switch¬ 
ing on must be discarded for a more ac¬ 
curate one. As will be shown in detail, 
this corrected time t' is measured from a 
time — fa so that t' — t-\-fa. This arti¬ 
ficial zero time — fa may be determined 
by plotting a curve of dt/dd versus t and 
extending the straight portion of thi s 



TIME “ MINUTES 

Figure 2. A typical curve of temperature rise versus time on semilog paper 
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Figure 3 (left). 
U ncorr ected 
curve of Figure 2 
on linear time 
scale, showing 
one tangent at 
t = 4 


Figure 5 (right). 
Temperature rise 
versus time at a 
distance r 



curve to cut the time axis at — t Q . Figure 
4 is such a plot for the data of Figure 2. 
To obtain the values of dt/dd , it is neces¬ 
sary to plot a curve of 6 versus t on linear 
paper, see Figure 3, and then to draw a 
number of tangents. Unfortunately, this 
is a rather laborious process and the 
method of drawing tangents yields a large 
scatter of the points on the dt/dd versus t 
curve. 

The corrected times t f obtained by ad¬ 
ding t Q to each value of t are then plotted 
on semilog paper against 6 . As shown in 
Figure 2, this yields a straight line, the 
slope of which gives a considerably more 
accurate value of R than the original plot 
of 6 versus log t. Usually this corrected 
value will be slightly lower than the un¬ 
corrected one. The values found for / 0s 
with this type of apparatus normally 
range up to 3 minutes. 

The slope of the dt/dO curve may also 
be used to obtain a value of R as described 
later. This has the theoretical advantage 
over the use of the slope of the 6 versus 
log t curve in that a lower value of t is al¬ 
lowable without correction. Due to the 
scattering of the dt/dd values, however, 
the slope of this curve is sometimes rather 
difficult to obtain. Nevertheless, it does 
give a check on the value obtained from 
the 6 versus log t curve. 


Accuracy 

Comparison of the thermal resistivity 
values measured by the transient needle 
method with those obtained by the steady- 
state buried-sphere method show agree¬ 
ment to within the accuracy of measure¬ 
ment with either method. 

The accuracies obtainable depend to 
some extent upon the time which can be 
spent plotting the points. If the appar¬ 
ent zero time / 0 found from the dt/dd 
curve is used to plot a corrected curve of 
d versus log /', the points so obtained will 
usually lie on a very good straight line, 
the slope of which may be measured to 
three figures. For most soils, however, 
sufficient accuracy is obtainable from the 
initial plot of d versus log t. The value of 
resistivity obtained from this initial plot 
is usually high by a few per cent, but this 
is a small error compared to*the variation 
of the resistivity with the seasons due to 
the changing moisture content. 

Theory of Transient Method 

The long heated cylinder or needle, 
1/4 inch in diameter and 2 to 5* feet long, 



Figure 4. 


~ versus t for (he data of Figures 2 and 3 
46 


TIME 

used for measuring soil resistivity is ap¬ 
proached mathematically by considering 
the temperature rise d at a distance r from 
an infinitely long, infinitely thin, heated 
filament supplied with a constant heat in¬ 
flow of q watts per centimeter length 
(.q — p/L ). As is shown in Appendix I, the 
solution for this involves an exponential 
integral of the form Jl ™ (e~ x /x)dx. The 
European literature kindly made avail¬ 
able by Mr. Hooper deals with this by 
using an approximation valid for suffi¬ 
ciently small distances r and sufficiently 
long times t. 

Within these limits on r and t, the tem¬ 
perature rise is given by the approximate 
relation 

d-ARqlogu)t+B (1) 

where A and B are constants. This ap¬ 
proximate equation for d can be rendered 
more accurate by measuring the time 
from an instant prior to the actual switch¬ 
ing on, that is, by adding a constant t/ to 
the measured value of time t before plot¬ 
ting a curve of d versus log t. As is proved 
in Appendix I, tf can be evaluated by 
plotting a curve of dt/dd versus t and 
finding the /-axis intercept of the straight 
portion. The intercept will be at the 
point — tf so long as the requirements of 
an infinitely long, infinitely thin filament 
in an infinite medium are met. As will be 
shown, for this apparatus, t </ is usually 
small compared to to", the correction for 
the finite diameter of the needle. The 
method of obtaining this zero correction 
actually yields the total correction to 
which is the sum of the two corrections 
to' and to". 

We can replace the infinitely long fila¬ 
ment with an infinitely long cylinder so 
long as we realize that this may result in 
the temperature rise 6 not being measured 
from the initial temperature of the needle, 
the time not being measured from the in- 

*Total length is 5 to 8 feet, but only 2 to 5 feet is 
heated. 
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Figure 6 (above). Theoretical temperature rise curves for several 

values of r, and typical soil constants 


Figure 7 (right). Equipotential and flow lines for electrical model of 

needle 

A. Mid-point of heater (thermocouple location) 

B. End of needle (4 inches from A in model, corresponding to 12 

inches on needle) 

Voltage values indicate potential with respect to infinity (actually 90- 

degree arc, radius 14 inches, center A) 

stant of switching on, and possibly, the 
distance r not being measured from the 


INCHES FROM AXIS NEEDLE 



axis of the cylinder. Fortunately, the 
distance r does not enter into the above 
equation, and it is apparent that the 
thermal resistivity R is proportional to 
d/log t, so that only the rate of change of 
$ with respect to log t is required. Also, 
for many soils it is accurate enough to as¬ 
sume that t is measured from the instant 
of switching on the power. The initial 
value of 6 is avoided by using the change 
in 6 in an interval starting some minutes 
after the heating power is switched on. 

Effect of Finite Radius of Needle 

There are two effects to be evaluated 
so far as the finite radius is concerned. 
These are: 

1. The effect on the temperature rise at any 
point in the infinite medium at any time 
after switching on. 

2. The effect of measuring the temperature 
rise of the needle rather than of the infinite 
medium. 

The first of these effects has been evalu¬ 
ated by Van der Held 3 for a needle of uni¬ 
form homogeneous material and shown 
more or less intuitively to be equivalent 
to a heat production prior to / = 0. That 
is, it may be included as an addition to 
to r . To avoid confusion, let this change in 
zero time be accounted for by a time 
// to be added to t+k f to give the total 
corrected time, t f -\-t§ . 

The second effect seems to have es¬ 


caped specific mention in the literature. 
Because of these apparent gaps in the 
reasoning, it was thought best to ap¬ 
proach the measurements empirically by 
comparing the result of a transient needle 
determination with that obtained by the 
steady-state sphere method. This ap¬ 
proach having proved successful, it is now 
possible to formulate a more theoretical 
basis for these effects. 

Intuitively, it is reasonable that on a 
sufficiently gross scale, a 1/4-inch diam¬ 
eter rod will approximate an infinitely 
thin needle. Or, on a more nearly quan¬ 
titative basis, when the rate of heat flow 
through the surface of the needle is very 
nearly equal to that being dissipated 
within it, that is, after the initial heating 
transient of the needle itself is practically 
over, the difference in its rate of tempera¬ 
ture rise from that which would occur at 
the same radius for a filamentary source 
must be very small. After this time the 
rate of rise of temperature of the needle 
must for all practical purposes be equal 
to that of the infinite medium at the same 
radius and due to an ideal filamentary 
source. Thus the only difference here be¬ 
tween the ideal and the practical cases is 
that the practical needle will appear to 
have been turned on before or after the 
ideal one depending upon whether the ef¬ 
fective diffusivity of the needle is greater 
or less than that of the soil. 


To evaluate the effect of measuring the 
temperature of the needle rather than of a 
point in the medium, consider that even 
with a homogeneous needle there is bound 
to be some thermal resistance at the in¬ 
terface between the needle and the me¬ 
dium. For a soil needle, made and used as 
described herein, there is the additional 
thermal resistance between the heater and 
the shell and the inevitably imperfect 
contact between the needle and the earth. 
Thus even when very little of the heater 
output is being used to raise the tempera¬ 
ture of the needle, there still will be an al¬ 
most constant temperature drop from the 
inside of the needle where the thermo¬ 
couple is located to the soil just outside 
the shell. Thus the measured rise over the 
initial or ambient temperature will differ | 
from the rise in the ideal theoretical case 
by an approximately constant amount 
after the initial needle heating transient is 
over. 

These two effects tend to give a curve 
such as B , Figure 5, rather than A which is j 
drawn for the ideal case. Curve B is for a j 
needle with an effective diffusivity and j 
resistivity greater than those of the soil. 

It is apparent from this discussion that 
the parts cd and ef of the two curves are j 
practically identical in shape but are dis- | 
placed both horizontally (in time) and j 
vertically (in temperature). The time j 
correction t Q " may be taken care of in the | 
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same way as was tf, the correction to im¬ 
prove the fit of the approximate equation 
(equation 1) for 6. That this procedure 
is effective is proved in Appendix II. 
The* temperature difference in the two 
curves A and B may be taken care of most 
easily by dealing only with rates of tem¬ 
perature rise or with temperature dif¬ 
ferences over time intervals starting after 
the initial needle-heating transient is 
over. In practice, this time may be rec¬ 
ognized by the fact that the 6 versus 
log t plot is curved for times less than this 
and straight thereafter. 

This approach is intuitive and should 
be replaced when possible by a complete 
theory which takes into account the finite 
diameter of the needle and its thermal 
characteristics in more detail. Similar 
remarks apply with even more force to the 
following discussion of the effects of the 
finite length of the needle. 

Effects of Finite Length 

One of the effects of the finite length of 
the needle is that the heat loss from the 
ends of the needle—and from the un¬ 
heated parts near the end—will cause a 
small temperature gradient along the 
needle. This will lead to an inaccuracy 
due to an incorrect value being taken for 
the net watts per centimeter entering the 
soil opposite the thermocouple. Other 
authors 3 have considered this and shown 
it to be small. 

A second effect of the finite length is the 
spreading out of the heat-flow lines as 
they get farther and farther away from 
the needle. In a plane normal to the 
heater, the flow' lines diverge because they 
are radial; but in a plane containing the 
heater axis, the heat-flow lines for an in¬ 
finite needle are parallel and do not di¬ 
verge. With the finite heater, the lines 
from the central part of the heater must 


bend outward to fill up the otherwise 
empty semicircles at the ends. Hence the 
heat leaving one centimeter of the heater 
will have to spread out over a greater and 
greater distance in this plane as it gets 
farther from the heater. Therefore, the 
temperature gradient along these flow 
lines will decrease with distance more 
rapidly for the finite needle than for an in¬ 
finite one. The result is that the rate of 
temperature rise of a finite needle will de¬ 
crease more rapidly with time than it 
would if the needle were infinite in length. 
If continued for long enough times, all 
practical 6 versus log t curves will eventu¬ 
ally bend gradually downwards from the 
straight part of the curve indicating that 
the end effect is becoming apparent. In 
some cases this makes the drawing of the 
best straight line very difficult. 

In an effort to assess the magnitude of 
this effect theoretically, the family of 
curves shown in Figure 6 was prepared. 
These curves show the calculated tem¬ 
perature rise versus time relation at vari¬ 
ous distances from a transient needle for 
typical soil and power input conditions. 
To get some indication of the spreading of 
the heat-flow lines with distance from the 
needle, a very approximate steady-state, 
electrical model to a one-third scale was 
set up using a sheet of Teledeltos paper 
bounded by a 90-degree arc of metal with 
a radius of approximately 14 inches 
(equivalent to 42 inches) to represent a 
quarter-infinite medium and a small strip 
of brass approximately 4 inches long to 
represent the bottom 12 inches of a needle 
with a 24-incli heater. The resulting plot 
of equipotential lines which represent iso¬ 
thermals and the approximate heat-flow 
lines are shown in Figure 7. 

From Figure 6 it is apparent that 
nothing happening at much more than 2 
inches from the needle (r— 1/8 inch) will 
have any noticeable effect on the needle 


for at least the first 15 minutes. From 
Figure 7 it is apparent that there is neg¬ 
ligible divergence near the mid point of 
the needle for the first 2 or 3 inches. 
Therefore, if the shape of the steady-state 
equipotential lines of Figure 7 are reason¬ 
ably close to the shape of the transient 
iso thermals of the needle, the end effects 
should certainly not become important for 
the first 15 minutes and probably will not 
become too serious for the first 30 minutes 
after turning on the power. However, it 
must be remembered that the ratio of the 
electrical resistivities of the needle and 
soil models is very much greater than the 
ratio of the thermal resistivities of the 
actual needle and soil, and this has the 
effect of crowding the electric flow lines to 
the end of the needle more than the heat 
flow lines would be expected to crowd. 
This will cause less divergence in the 
region of interest in the electrical model 
than in the actual thermal case. It is also 
to be noted that a uniformly conducting 
sheet is not an exact model of a sector of a 
uniformly conducting solid medium. 

Finite Nonhomogeneous Medium 

If the heated portion of the needle is 
embedded deeply enough, the effects of 
the earth’s surface will not affect the re¬ 
sults until some time after the end ef¬ 
fects previously described have become 
excessive. 

Any inhomogeneity of the medium will 
cause the heat-flow lines to bend away 
from the paths they would follow in a 
homogeneous medium. Depending upon 
the shape and nature of the irregularities, 
they may cause unexpected kinks in the 6 
versus log t curve or may cause a general 
bending of the otherwise straight line. 
This may make it more difficult to de¬ 
cide upon the best straight line to draw, 
butovith care it is usually possible to ob- 
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Figure 8. Steady-state sphere thermal resistivity test 
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tain a good average value for any soil 
condition. 

The size of the sample measured by this 
method is not accurately definable be¬ 
cause the material adjacent to the needle 
will have more effect on the first part of 
the curve than that farther away. The 
data listed previously from Figure 6 and 
7, however, indicate that the average 
size of the sample measured is of the 
order of 3 inches diameter and 6 inches 
long. 

Results 

Figure 8 show r s the variation of thermal 
resistivitv with time for one installation 

ml 

of a steady-state sphere. At this par¬ 
ticular location, the thermal resistivity 
varied very considerably with time due 
apparently to the initial recompaction of 
the soil and to variations in moisture con¬ 
tent. Other installations, however, ap¬ 
peared to have resistivities almost com¬ 
pletely independent of rainfall. One of 
the latter locations was used to compare 
the transient with the steady-state 
method. 

With the transient needle method there 
will be no moisture migration effects and, 
therefore, an allowance should be made 
for this when making cable temperature 
calculations if its effect is likely to be sig¬ 
nificant. 

A number of the transient 0-log t heat¬ 
ing curves obtained appear to curve down 
from a straight line after 12 to 15 minutes. 
This may be due to the end effect be¬ 
coming significant. While this is not in 
agreement with the data deduced from 
Figures 6 and 7, the approximations in 
the latter figure are so gross that it would 
be mope surprising if there were good 
numerical agreement. 

To date, over 100 soil thermal resis¬ 
tivity determinations have been made 
with the transient needle equipment. 
These include ones made on the earth sur¬ 
rounding a heat-pump ground coil for 
which purpose the multipoint needle has 
given results of particular interest. 

Efforts are being made to achieve a 
much more complete theory by consider¬ 
ing explicitly the finite size of the needle, 
the nonzero thermal resistivity at the 
needle surface, and the actual location of 
the thermocouples within the needle. It 
is hoped it will be possible soon to report 
the results of this theoretical work and 
the attendant experiments. 

Conclusions 

The transient needle method of measur¬ 
ing the thermal resistivity of soil is a con¬ 


venient, rapid method which is capable 
of sufficient accuracy for the purpose of 
cable temperature calculations. While 
there are some parts of the theory not yet 
complete, the agreement found in practice 
between this and the steady-state sphere 
method is sufficient to allow the new 
method to be used with confidence. 


Appendix I. The Mathematical 
Theory of the Transient Needle 


The temperature rise 6 in degrees Cel¬ 
sius at a point a distance r centimeters 
from an infinite filamentary heat source re¬ 
leasing heat at the rate of q watts per centi¬ 
meter is as shown in section 9.8 of reference 5 
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Again in this series, the third term is very 
small for small r and large t and so may be 
neglected. Putting r 2 /4a = /o,* we get 


dt 


de 


4tt 

qR 


(t +4) 


The value of to can, therefore, be obtained 
by plotting dt/dQ against t and finding the t- 
axis intercept of the linear portion. This 
intercept is to the left of the origin for posi¬ 
tive to because for dt/d$ — 0, t— —to. 



where 


(2) Appendix II. Proof of Construc¬ 
tion for to" 


R— thermal resistivity of the medium in 
thermal ohm-centimeters 
/3 = r/2\/ at 

a — diffusivity of the medium in square 
centimeters per hour 

/=time from start of release of heat in hours 

This function 7(0) is tabulated in Appen¬ 
dix F of reference 5. Equation 2 may also 
be written in the form 



-—dx = ~~ [ — Ei{ — x)] 

X 47r 



where x = 0 2 = r 2 / (4 at) 

The function —Ei(—x) is very fully 
tabulated in reference 6. For small values 
of x, these integrals may be evaluated in the 
form of a series, giving 
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Following Figure 5 and the accompanying 
discussion, consider that the equation of 
curve A is given by equation 3, while that of 
curve B is 



--- dt' 4~B'(t) 



where t' =t + t o", and Q\t) is the temperature 
drop from the thermocouple to the surface 
of the soil around the needle due to the in¬ 
ternal thermal resistance in the needle and 
the resistance at the needle-soil interface. 
After a very few minutes, 6' will be constant. 

Differentiating equation 8 with respect to 
the time from turn on t, and since to' = con¬ 
stant, we have for times t large enough to 
make d\t) a constant 

dojR (9) 

it 4r t' 


Hence, as before 
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C — Euler’s constant = 0.5772 
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If x is small (that is, for small distances r 
and long times i), only the first two terms of 
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the preceding series 

are significant 

and 
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therefore 
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The accuracy with which this approxima¬ 
tion holds for a typical soil is illustrated by 
Figure 9 which shows the actual tabulated 
values of — Ei(—x ) plotted on semilog 
paper. It is seen that these curves are very 
nearly straight lines for t greater than 3 
minutes. 

The improved method of approximation 
given by Van der Held 3 is obtained by sub¬ 
stituting for the value of x in equation 3 and 
obtaining 



Whence, by differentiating both sides with 
respect to time t, and inverting 


Hence, plotting dt/dd against t gives the x- 
intercept of value — to — -~(/o'+V'). Since 
to* is negative for cases where the thermal 
diffusivity of the needle is less than that of 
the soil and since in most cases k " is greater 
than to' the x-intercept can lie to the right of 
the origin. 
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Accurate Computation of 2-Machine 

Stability 
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T HE usual assumption tliat the con¬ 
stant voltage busses of a 2-machine 
stability problem are connected by pure 
reactances results in a number of approxi¬ 
mations which may or may not be valid. 
On the other hand, if complicating factors 
such as losses, intermediate loads, trans¬ 
former taps, and so forth are included, 
the process of obtaining a solution may 
become very laborious indeed. 

The method of solution described in 
this paper preserves accuracy by permit¬ 
ting the consideration of all system param¬ 
eters—including the inertia of both 
machines—without approximation. Yet 
the procedure is relatively simple, even 
when line reclosure is to be considered in 
the switching schedule. Part of the sim¬ 
plification is due to the utilization of gen¬ 
eralized swing curves to determine rela¬ 
tive angle and velocity at any time during 
the swing. Similar curves have been de¬ 
scribed previously, 1 but the present 
method of derivation removes the former 
restrictions as to type of system disturb¬ 
ance for which they are applicable. 

This method is well adapted to the ac¬ 
curate determination of transient power 
limits because the computations involve 
sets of composite general circuit con¬ 
stants, 2 which need not change as the 
power transfer in the system is varied. 
Consequently, they and many auxiliary 
quantities need be computed only once. 
An auxiliary curve provides a quantita¬ 
tive measure of the degree of stability or 
instability of the system. 
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General Theory 

To utilize the swing equation 1 ’ 3 * 4 
dH/dP = K\P,-P) (1) 

where 

5 = phase angle between the two machines 

gr (”/) system kilovolt-ampere base 
( H ) machine kilovolt-ampere base 

P 0 = steady-state or initial machine power, 
in per unit 

P — machine power at time t 

(note that these quantities are normally 
positive for both receiving- and sending- 
end machines) 

it is necessary to find a relation between 
5 and P. In section A of Appendix I it is 
shown that 

Ps—Pm sin (5— <f>)A~Ps' (3) 

Pr~Pm sin (5 +0) — Pr (4) 

in which 


the subscripts 5 and R indicate sending- 
and receiving-end quantities respectively 


Pm — ^s^r/^ W 

0 = 9O-/3 (6) 

Ps' = (e s /bnOB) RP (7) 

Pr' = (e R /b) 2 (AB) R p (8) 


e& — absolute value of sending-machine 
voltage, in per unit 

e R = absolute value of receiving-machine 
voltage, in per unit 


A = A T A~jA t 
B =B r +jBi — 



D^Dr+jDi 

AB = ( AB )rp +i( AB )ip 

~(A r —jAi)(B r A-jBi ) 


DB = (DB) RP +j(DB) IP 

= ( Dr-jDi)(B r +jBi) 

Hence it is possible to write two swing 


equations, one for the sending-end ma¬ 
chine and the other for the receiving-end 
machine. These are added to give a com¬ 
plete description of the angle 5. After in¬ 
tegrating once and rearranging terms, see 
section B of Appendix I, the result can be 
expressed in the concise form 

cxi—dd/dt — dB/dt __ 

= V2K'PmVRBA- cos 6—C (9> 

In which 

co is the relative machine velocity 
K' = V( Ks ' ) 2 +(K r ') 2 +2 K&''Kr ' cos 20 


( 10 ) 

R « (K s 'PsA+K r 'P Rq ')/K'Pu (ID 

0 = 5-0 (12) 

tan 0= [(Ks' -K r ')/(K s ' A-Kr')] X 

tan 0 (13) 

Pso' ~Pso ~Ps' (14) 

Pro' ~PrqA-P.r' (15) 


C is a constant of integration, determined 
from initial boundary conditions 

It is convenient to let 

W= V2R'Pm (16) 

co' = \/R0A- cos 0— C (17) 

so that equation 9 becomes 

co = WXu' (18) 

If the system is stable, then there must 
be a value of 6 greater than the equilib¬ 
rium value 6 e , for which as is zero. It is 
evident that solving the equation 

A0+cos0 —C=0 (19) 

will yield the desired value of 6 if it exists. 
If it does not exist, the system is un¬ 
stable. 

Another deduction from equations 9 and 
17 is that the maximum and minimum 
values of co and c o' occur when 

A —sin 0 (20) 

The maximum corresponds to 6 e in the 
first quadrant; the minimum corresponds 
to d M in the second quadrant. But if co 
has a minimum value, it does not become 
zero, and the system must be unstable. 
A borderline case occurs when co ; and its 
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derivative with respect to 8 are zero simul¬ 
taneously. Hence a simultaneous solution 
of equations 19 and 20 yields the borderline 
equation 

R arc sin R-\-'\/l—R 2 ~C~0 (21) 

This equation is plotted as a curve in 
Figure 1. On the left of the curve the 
system is stable; on the right, unstable. 
When computed values of R and C for a 
system are plotted on Figure 1, the dis¬ 
tances of the plotted points from the 
curve are quantitative measures of the 
degree of stability or instability of the 
system. 

Generalized Time—Angle Curves 

In the preceding equations it has been 
assumed that C can be found from the 
boundary values between two conditions 
of switching. If the previous condition 
was a 3-phase fault through which no 
synchronizing power could be trans¬ 
mitted, the boundary values of co and d 
can be found easily from the equations 

us i — Ks'(Pso—Rs)t 4-w-so 

(radians per second) (22) 

8s i =57.3 [ 1 /2^s , (-f > -so“*F ( sf)^ 2 4-w5o^]+5o 

(degrees) (23) 

which are obtained directly from equa¬ 
tion 1. 

Similar equations apply to the receiv¬ 
ing-end machine; and the results can be 
added directly. Note that the inclusion 
of the ooq term accommodates reclosing on 
a 3-phase fault. For an initial fault, co 0 
is zero. 

For other previous switching condi¬ 
tions, such as an unbalanced fault or a 
line out of service before reclosure, it may 
be possible to transmit synchronizing 
power through the system. The problem 
then is to find the angle $(or 0) at some 
preassigned time, t, after the swing has 
started. The solution is to integrate 
equation 9 

Wdt^de/VRO- bcos e-c (9) 

/*02____ 

w I dt== I de/VRo+cose—c ( 24 ) 

J re 2 _ 

' dd/\/R9-{-cos 0—C-~ 

de 

J roi __ 

f de/VR8+cos 8-C 

de 

or 

W{k-tx) = Ti-Ti (25) 

where 

J r dd/'s/RQ-f-cos 9 — C (26) 

de 


The lower limit can be any arbitrary 
value of 6 . It is convenient to let it equal 
0 e because o' will be a maximum at this 
point for any value of R t regardless of the 
value of C. 

As yet no direct way of integrating 
equation 24 or equation 26 has been 
found. It can be done indirectly, how¬ 
ever, by computing incremental areas 
utilizing Simpson’s Rule for appropriate 
values of R and C. The results are similar 
to the sets of curves of T versus 0 shown 
in Figures 2 and 3. Since o' had to be 
computed for each point, curves of o' 
versus 0 can be plotted also on the same 
sheet. It will be noted that the curves 
are similar to conventional swing curves 
with the axes interchanged. This varia¬ 
tion was desirable to utilize the same 0 
axis for both sets of curves— o' and T. 

At the values 6— 8 x i and 0= 6 X 2 for which 
co' = 0 the integrand of equation 26 in¬ 
creases without limit. It can be shown 
that the integral converges for these 
values, however, by expanding cos 0 as a 
Taylor’s series about 0 X 1 or 6 xh and dealing 
only with incremental values of 0. The 
borderline value, 6 M , is a special case for 
which the integral increases without 
limit. 

The Taylor’s series expansion provides 
an equation from which the area of the 
integral can be computed for the last in¬ 
crement of $ adjacent to 0 x i or B x 2 (de¬ 
rived in section C of Appendix I). 

A Tic = 0.264'V / A9/(R — sin 9 X ) (27) 

where A0 is usually taken to be 0.1 de- 

.1, j 

gree. 

Solution of a Problem 

Consider the system of Figure 4 in 
which a 3-phase fault is to be applied to 
one of the 115-kv lines near station A. 
The fault is to be cleared in 6 cycles and 
the line reclosed successfully in 21 cycles. 
Station A is to deliver 50 megawatts at 
unity power factor to the 13.8-kv bus at 
station B under steady-state conditions. 
The outline of the solution is given here, 
and the actual computations are carried 
out in Appendix II. 

1. Set up a steady-state power flow. 

2. Find the voltage behind transient re¬ 
actance and the initial power output of each 
machine; also the phase angle. 8 e between 
the machine voltages. 

3. Compute composite constants for the 
system between these points for (a) both 
lines in service; (b) only one line in service. 

4. Compute the constants from behind 
transient reactance of each machine to the 
station A 115-kv bus (point of fault). Both 
lines are in service. 


5. Tabulate values of Ks', Kr * e s> e R> P#o. 

Pro, Pm, <t>, Ps, Pr> %-’> R > ^ o\ PrP 

and W for each set of constants. 

6. Apply the fault and find the relative 
velocity and angle 6 cycles, or 0.10 second 
later. 

7. For the fault-cleared condition, find the 
boundary values ui and 9\. 

8. From the curves of 6 versus find C. 

9. For these values of 6 and C find 2 1 . 

10. From equation 25 compute 7 2 , where 
ti is 21 cycles. 

11. From the T curves find 

12. From the u' curves find co 2 '. 

13. Find 82 and o> 2 - 

14. With line reclosed, recompute 62 and 
co 2 ■ 

15. Compute C. 

16. From Figure 1 determine if the system 
is stable. 


Conclusions 

Curves similar to Figures 2 and 3 have 
been plotted for values of R ranging from 
0.3 to 4.0. For values of R below 0.7, the 
system is almost certain to be stable; 
for R greater than 1.0, it is certainly un¬ 
stable. Conditions subsequent to clear¬ 
ing the fault usually fall in the range of R 
between 0.8 and 1.1. In this range fast 
reclosure of the faulted circuit normally 
will be effective in maintaining stability. 

Curves for R greater than about 1.5 rep¬ 
resent fault conditions for which some 
synchronizing power can be transmitted. 
Synchronism will be lost, however, if the 



Figure 1. Curve of R versus Cfor determining 
degree of system stability 
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condition persists. 

If greater accuracy is desired than that 
obtainable from preplotted curves, equa¬ 
tions 24 and 27 can be utilized to perform 
a numerical integration for any values of 
R and C. The principal sources of error 
are the incorporation of constant power 
loads into the composite general circuit 
constants as constant impedances and the 
incremental integration of equation 24. 
The former approximation is regularly ac¬ 
cepted in network-analyzer studies, and 
the latter can be minimized by using 
small increments. 

Appendix I 

A. Derivation of Equations 3 and 4 

These equations are based on the universal 


circle diagram 5 equations 


Ms*+N s 2 ~Pm 2 

(28) 

Mr 2 +Nr 2 =P m 2 

(29) 

N s /Ms= tan (0+5) 

(30) 

Nr/Mr = tan ((3—8) 

(31) 

Ms—Ps—Ps' 

(32) 

Mr —Pr+Pr' 

(33) 


It can be shown that sending-end opera¬ 
tion lies in the third and fourth quadrants, 
and receiving-end operation lies in the first 
quadrant. 

Hence 

Ms — —Pm cos (13+8) (34) 

Mr — Pm cos (0—5) (35) 

or 

Ps—Ps' — —Pm sin [90 — ((3 +5)] 

— — Pm sin (0—5) 

Ps — Pm sin (8 — <p)+Ps' (3) 

Pr+Pr' —Pm sin [90 —(/?—«)] 

— Pm sin (0+5) 

Pr — Pm sin (5+0) — Pr ' (4) 

B. Derivation of Equation 9 
Let 

5 e = steady-state equilibrium angle between 
sending- and receiving-end machines 
5 3 = deviation of sending-end machine from 
equilibrium angle 

$ R = deviation of receiving-end machine 
from equilibrium angle 

8 = 8 e +8s+bR (36) 

The sending- and receiving-end swing 
equations are 

d*S s /dP = K a '(Pso-Ps) (37) 


cPUr / dt* =Kr '[Pro —Pr ) (38) 

Substitute equations 3, 4, and 36 and add 

d‘ 2 8/dt 2 = Ks r lPso — Pm sin (5-0)— Ps'] + 
Kr{Prq—Pm sin (5+0)+Pig'] (39) 

Substitute equations 14 and 15 and re¬ 
arrange 

d 2 8/dt 2 — [Ks'Pso' +Rr'Pro' ] — 

PmIKs' sin (5-0) + 

Kr' sin (5+0)] (40) 

Multiply by the integrating factor 

2 (dd / dt)dt— 2d8 (41) 

and integrate 

(db/dt ) 2 =2 [Ks'Pao +K R 'Pm' ]5 + 

2Pm[Kb' cos (5—0) + 

Kr' cos (5+0)] — C‘i (42) 

Expand the second term on the right-hand 
side 

Ks' cos (5 — 4>)+Kr' cos (5+0) = 

Ks' cos 0 cos 8+Kg' sin 0 sin 5 + 
Kr' cos 0 cos 8—Kr' sin 0 sin 5 
= ( Ks' +Kr') cos 0 cos 8+(Ks' — 

Kr') sin 0 sin 5 (43) 

Let 

(. Ks'+Kr ') cos 0 = A' cos 0 (44) 

(. Ks'-Kr') sin 0 = X' sin 0 (45) 
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Figure 4. Hypothetical 
system for determination of 
system stability 


System data: 

Generators: A—60 megavolt-amperes, X d /== 33 per cent, H =2.5; B—120 megavolt-amperes, 

Xd' =20 per cent, H = 5.0 

Transformers: A—60 megavolt-amperes, 13.8-115 kv, Z =0.0054-jO.I00, Y = 0.003-j0.030, 
4-5-per-cent high-voltage tap; B—60 megavolt-amperes, 110-13.8 kv, Z = 0.005 +]0.010, 
y = 0.003-j0.030, ±272 per cent, ±5 per-cent high-voltage tap 

Lines: Two 115 kv, 150 miles, 397,500-circular-mil steel-reinforced aluminum cable, 12-foot 

flat spacing 


To find equations for K' and \p 
Square equations 44 and 45 and add 

(K')* = (K s '+K r ')* cos 2 <f>+ 

(Ks'-JCs')' sin 2 <t> 

= (X s ') 2 -h {K R r Y 4-2 K s 'Kr ' 

(cos 2 <j> — sin 2 (j>) (46) 

K' = V(K s , ) 2 +(Kr') 2 +2Ks , K r ' cos 2</> 

( 10 ) 

Divide equation 45 by equation 44 

tan \p— [(.KV —Kr')/(Ks' ~\~Kr') tan <f> (13) 

Substitute equations 44 and 45 in 43 

Ks' cos (8—<j>)A -Kr' cos (54 ~<f>)—K r cos 
cos 54 -K' sin t p sin 8 = K' cos (5 — p) (47) 

Substitute equation 47 in equation 42 

(db/dtY =2[K s 'Pso' +K r 'P ro ' ]5 4- 

2P m K' cos(5-^)-C a (48) 


Then 


A T x = 

A T x = 



Ad 


dAd 


y/(RQ x 4- cos d x ~ C) J rRAQ — 

Ad sin 9 X 


aq _ 

dAd/ y/(R — sin 6 X ) A0 


= 2 [y/A6/ \/R — sin Q x ] A q 
= 2 y/A6/(R — sin Q x ) 

When AQ is expressed in degrees 
at x =( 2 /V 57 J) Va e/(R- sin Q x ) 

— 0.264 y/AQ/(R — sin 6 X ) (27) 


For the upper value, Q X 2 , A 6 is negative. 
But sin Qx is greater than R for this condi¬ 
tion, so that the quantity under the radical 
is still positive. Consequently, equation 27 
can be used for computing A T X 2 - 


Let 

R = (Ks'Pso' +Kr'Pro')/K'P m (11) 

(dd/dty = 2 K'P m [RS+cos (6-f)-Ci] (49) 
Let 


0 = 8 —-ft (12) 

(de/dt) 2 ^2K'P M (Re+cos e-C) (50) 

do/dt = Vzk'Pm VRe+cos e-c (9) 


C. Derivation of Equation 27 
In equation 24 


A r= / dd/VRQ+cosd-C 

Jdx 

Let 


62 


Q\ — Qx, Q2—Qx J r A0 


where 

RQ X 4-cos 6 x — C =0 
Then 


-1 

■/. 


d(Q x 4- AQ) 


y/ R(6 x +AQ)- s rCOS (Q x + AQ) — C 

dAQ _ 

0 \ / RQ v J rRAQ J r cos 9 x X 

cos AQ — sin Q x sin A Q — C 

If AQ is small enough 


cos AQ = 1 
sin AQ — AQ 


Appendix II 

The following numbered items correspond 
to the numbers used in the discussion of the 
problem. All quantities are in per unit on a 
50-megavolt-ampere base. 

1. The detailed computations of the 
steady-state power flow are not included 
here. It was found advisable to operate 
with the 4-5 per-cent fixed tap at station A 
and the —5 per-cent fixed tap at station B. 

2. From 1. 

* s = 1.045 ** = 1.136 

P S i = 1.098 -2.000 

5 e =32.3 degrees 

Note that Pro is negative, because P R is 
inherently positive for power flow out of the 
system. 

3. For both lines in service 


.4=1.953471.955 
B = — 0.089470.844 = 0.848 

C =3.286-jl.230 
£> = 1.185470.291 
AB = 1.476471.822 
JD£ = 0.140471*026 


96.0 degrees 


For one line in service 


A =2.613 472.545 
B = —0.063 471.133 = 1.134 

C = 3.360—jl.490 
£> = 1.231470.294 
AJ3 = 2.719 473.121 
Z>£ = 0.256471.728 


93.2 degrees 


4. From machine A to point of fault 

A =0.962470.001 
£ = 0.0044-70.377 
6 = 0.004 ~70.034 
£> = 1.053 4-70 
D/B= 0.030 -72.793 


From machine B to point of fault 

A = 1.579470.825 
£ = 0.011470.441 
C = 3.088 —yl.120 
D — 1.1114-i0.275 
D/B =0.686-7*2.502 

For these constants the load on the station 
£ 13.8-kv bus has been assumed to be a con¬ 
stant admittance 

7=3.000—jf 1.500 

The quantity D/B is the short-circuit 
admittance of the system; it is multiplied 
by e 2 to yield the power output of a machine 
with the fault applied. 

5. In Table I the values of P&' and P R 
for the fault-on condition are actually the 
values of Ps and P R , which are constant be¬ 
cause no power can be transmitted through 
the 3-phase fault. 

6. Since no power can be transmitted 
through the fault, equations 22 and 23 can 
be used. Otherwise the procedure would be 
similar to that used for the "fault cleared’* 
stage of the computations. 

For the sending end 

usq — 0 > 5so=0 
cosi = K s '(Aso “ Ps )t 

= 62.840( 1.098 - 0.033 )0.100 
= 6.692 radians per second (22) 

8 sl = 57.3M2K s '(Pso-Ps)t 2 ] 

= 57.3[7 2 X62.840(1.098-0.033)0.01] 

= 19.138 degrees (23 ) 

For the receiving end 

C02JQ = 0, Oro—0 

03ri = Kr '(Pro — P R )t 

= 15.710(2.000-0.885)0.1 
= 1.752 radians per second (22) 

fi*i - 57.3 [ ] 7*RV ~ Pr )* 2 ] 

= 57.3 LA X 15.710(2.000-0.885)0.01 ] 

= 5.018 degrees (23) 


Tabic I. Summary of Computed Values for 
Item 5 of Problem Solution 


Quantity 

Fault 

On 

Fault Line 

Cleared Reclosed 

Equation. 

Ks'.. . 

. 62.840. 

. 62.840... 

62.840.. 

.... 2 

Kr'.... 

15.710. 

. 15.710... 

15.710. 

. . . . 2 

es . ■ ■ . 

. 1.045. 

. 1.045... 

1.045 


e.R . 

1.136. 

. 1.136... 

1.136 


Pso. . ■ 

. 1.098. 

. 1.098... 

1.098 


Pro ... . 

- 2.000. 

. -2.000... 

-2.000 


Pm .... 


. 1.047... 

1.400. 

. ... 5 

<f> . 

. 

.-3.2 ... 

-6.0 . 

. .. . 6 



degrees 

degrees 


Ps'... 

. 0.033. 

. 0.217... 

0.212. 

. ... 7 

Pr'.... 

0.885. 

. 2.723... 

2.644. 

.... 8 

K'... . 


. 78.471... 

78.236. 

....10 

R . 


. 0.813... 

0.600. 

. . . .11 

^. 


.-1.9 ... 

-3.6 . 

.13 



degrees 

degrees 


PSo'... 


. 0.881... 

0.886. 

_14 

Pro' . . . 


. 0.723... 

, 0.644. 

. . . .15 

W. . . . 


. 12.818... 

14.801. 

. . . .16 
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Note that both machines are treated as 
sending-end machines for this computation. 
Since the receiving-end machine actually 
drops load and speeds up during this period, 
the relative velocity and angle will be the 
difference between the two sets*of values. 
Therefore 

o>i-= 6.692 -1.752 = 4.940 radians per second 
5i = S e -f-5si—= 32.3 + 19.1 —5.0 = 46.4 
degrees 

7. From equation 18 

to/=^1/^=4-940/12.818 = 0.385 
From equation 12 

Oi = Si - \p = 46.4 +1.9 = 48.3 degrees 

8. Since # = 0.813, it will be necessary to 
interpolate results between the curves for 
# =0.80 and # = 0.85 

For R = 0.80, 6 l = 48.3, «' = 0.385: C = 1.18 
For R = 0.85, Q x = 48.3, to' = 0.385: C = 1.24 

9. The value of T\ is found for each value 
of R 

For # = 0.80,= 48.3, C=1.18:7i = -0.20 


For R — 0.85, 6i = 48.3, C= 1.24: T x = -0.40 

10. Since Ti-Tx = W(k-t i) = l2.818X 
(21—6)/60 =3.204 

For # = 0.80, # 2 = -0.20+3.20 = 3.00 
For # = 0.85, # 2 = -0.40+3.20 = 2.80 

11. For # = 0.80, #2=3.00, C= 1.18:0 2 = 
105 degrees 

For 1? = 0.85, r 2 = 2.80, C=1.24:0 2 = 1O8 
degrees 

By interpolation, for #=0.813, do — 105.8 
degrees 

12. For # = 0.80, C=1.18, 0 2 = 1O5 de¬ 
grees, co 2 ' =0.17 

For # = 0.85, C— 1.24, do = 108 degrees, 

coo' =0.22 

By interpolation, for # = 0.813, co 2 ' =0.183 

13. From equation 12, 5 2 =0 2 +>£ = 

105.8 —1.9 = 103.9 degrees 

From equation 18, o> 2 = WX&z' = 12.818 X 
0.183=2.346 

14. From equation 12 0 2 = 5 2 —’/' = 

103.9+3.6 = 107.5 degrees 

No Discussion 


From equation 18 co 2 ' = co 2 /PF = 2.346/14.801 
= 0.158 

15. From equation 17 

C=#0 2 + cos 0 2 -(<o 2 ') 2 

= 0.600 X107.5/57.3 -0.301 -0.158 2 
= 0.799 

16. The point # = 0.600, C=0.799 is 
shown as point P on Figure 1. The system 
is stable with some margin. 
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Torque of Reluctance-Type Magnetic 

Couplings 

FRED W. SUHR 

MEMBER A!EE 


T HERE are numerous variations of a 
class of devices bearing the generic 
name “magnetic couplings,” each of 
which, in turn, has several subgroups. 
We shall limit ourselves to one variety, 
the reluctance type. One form of such a 
coupling consists of an inner rotor having 
several teeth with spaces between, and an 
outer rotor having a like number of teeth 
and spaces. Figure 1 is a sketch of such 
a device in which the excitation may 
come from either a permanent magnet or 
a current-carrying coil. 

Either member, or both, may contain 
the source of magnetomotive force. The 
source of the magnetomotive force may 
be a d-c supply or permanent magnets. 
We shall discuss both methods of mag- 
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netomotive force supply without at¬ 
tempting to arrive at a design of opti¬ 
mum proportions. 

The torque of a coupling can be cal¬ 
culated by means of certain energy rela¬ 
tionships. Figure 2 is a portion of Figure 
1. Tooth A is on the driving member 
tooth B is on the driven member. Let 


W~ energy in joules 

L = inductance in henrys 

I = current in amperes 

<f> = flux in maxwells 

N — turns linked with <t> 

x' = displacement in centimeters 

x — displacement in inches 

We know that 

w={u 2 

2 

and that 

W) 

" IX 10 s 

or 

T „ ilw)L 1 wv 

W 2pX10 8 f 2 10 s 


( 1 ) 

( 2 ) 



Now suppose that because of a certain 
load torque on #, A is displaced x* centi¬ 
meters. This required mechanical energy 
since 



where f 3 is a force in dynes at x f displace¬ 
ment. 

Thus 


dW 

^ =10 W dynes 



or 


IQ 7 dW 
981X453.6 2.54 dx 


8.85 


dW 

dx 

pounds (5A) 


where x is now in inches. 

If (P+5) is the mean air-gap diameter 

in inches, then the torque is 


(P+5) 

r=#—— 
2 


pound-inches 



or 

# = 4.425(P+5) —■ pound-inches (<5A) 

dx 

With tooth A displaced x inches from 
its mating member tooth B, the reluctance 
of the magnetic circuit has increased, or, 
conversely, the permeance has decreased. 
Since 

4 > = magnetomotive force #' = ~ NIP' (7) 
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D Inches Diam* 

Figure 1 (left). Typical reluctance coupling showing only magnetic 

and electric elements 




Figure 2 (above). Portion cf the mating toothed structures with dis¬ 
placement 


where P' is the permeance of the mag¬ 
netic circuit in square centimeters /centi¬ 
meter and the energy as given in equa¬ 
tion 3 becomes 

NI 4tt 2tt 

w =^w (m)p '=W° io ^ s 


If a constant excitation is applied, 
(NI) is constant, and the energy is pro¬ 
portional to the permeance. Differentiat¬ 
ing equation 8 with respect to x 

dW 2ttX2.54 s dP 

-=- (NI) 2 — 

dx 10 9 V } dx 

16.0 , dP 

=(NI? ^ poutlds (9) 

where P is the permeance in square 
inches/inch. 

From equations 9 and 6(A) the torque 
transmitted is 

^ 70.9 , dP 

P— ~~ (D4r&)(NI) 2 — pound-inches (10) 
lu y dx 

Maximum torque occurs at the value of 
x which makes 


d 2 P 


( 11 ) 


This all seems very straightforward and 
simple until we try to evaluate P, dP/dx, 
and (d 2 P)/dx 2 . 

It should be fairly evident that if the 
magnetic materials are highly saturated, 
a large portion of the exciting magneto¬ 
motive force will be consumed in the iron 
paths and dP/dx will be less than would be 
the case if there were little or no satura¬ 
tion. 

Let us consider means for determining 
P as a function of x when there is no ap¬ 


preciable saturation. There are two prin¬ 
cipal permeance components, the radial 
and the end or axial. 

For determining the radial portion of 
the permeance, flux plots can be made at 
different values of x, but this is a long and 
tedious process. A quicker solution is 
possible by using a special type of paper 
having a high resistance conducting coat¬ 
ing. The outline of the tooth configura¬ 
tion is painted on using a silver paint. A 
resistance measurement is made from one 
member to the other. This resistance is 
analagous to the reluctance which in turn 
is the reciprocal of permeance. If a rec¬ 
tangular piece of the conducting paper is 
used for calibration, the permeance can be 
evaluated in the desired units. 

There are analytical approaches that 
yield accuracy comparable to this de¬ 
scribed method. If we let 

P=(Pa+Pr)N (12) 

where 

P = total permeance in inches 2 /inch 
Pa— axial component of permeance per 
tooth pitch 

Pr ~ radial component of permeance per 
tooth pitch 

N - number of teeth per member 
where 


1 7 -1 " \ w 1 ‘71 

login < 1H-> + 


2.303 (w-*), j, w(d+t)\ 

. +—j 

| 2 _|_ Tr(d+t) ) 

x login \ 17x\ 2 > 

\ Vu) + tI 


_ i _^2 


(13) 


(see Appendix I for derivation) 
„ _ (if-*)(£-«), 2.303^ 

Pft . ™~.. i X 

45 t 


(L — g)( login \ l+r~i + 




! H 

1 +-;( 

f 5 T dj 


(w—x) 

+ 2 X 


login l + 


vff \ 
45 / 


(14) 


(see Appendix II for derivation) 

When permanent magnet excitation is 
employed, the efficiency of the device 
reaches its ultimate. Design considera- 


Figure 3. Typical mag¬ 
netization curve of 
permanent magnetic 
material 
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tions for permanent magnet excitation 
involve: 

1. Type of magnet material. 

2. Minimum weight to meet torque speci¬ 
fication. 

3. Operating minor loop—a function of the 
air-exposed excited member alone. 

4. Avoiding forced demagnetization. 

Generally speaking, it is desirable to 
operate the magnet (or magnets) at high 
energy levels. From a practical manu¬ 
facturing and service consideration it is 
also desirable that the exciting member be 
shaped so that later handling or disas¬ 
sembly will cause no appreciable deterio¬ 
ration of its initial quality. There have 
been a number of technical papers pub¬ 
lished which show the need for parasitic 
permeance paths to obtain the best opera¬ 
tion. 

If the rotor shown in Figure 1 is 
magnetized axially in a very strong field, 
upon removal from the magnetizer it will 
retain a flux density level in itself that is a 
function of the external permeance as 
well as the inherent qualities of the mag¬ 
net material. 

Rather than deal with the many com¬ 
plications involved in generalization, the 
discussion will be limited to a specific 
form of a permanent magnet excitation 
coupling. A hollow cylinder form of mag¬ 
net material is used as shown in Figure 1. 
That the flux in the magnet is equal to the 
flux external to the magnet is axiomatic. 

ct> = B m A m ' (15) 


t 



t 


Figure 5. End permeance paths 


where 


</> = flux in maxwells 
B m = magnet flux density in gausses 
Am' — magnet area in square centimeters 
= tt/4(A) 2 -A 2 ) 2.54 2 



QAttNI 

7 ' 

l m 


(16) 


where 

H m = magnetomotive force in oersteds 
lm = magnet length, centimeters = 2.54 l m 


or 


NI — 


0.47T 



(16A) 


Then combining equations 3, 15, and 
16(A) we have 


W——— {B w A„/)\ 

2 x10 s 




0.4tt 

Stt X10 7 


(17) 


vSince 


A m 'l m '—V m f the volume in cubic centi¬ 
meters of the magnet 
B m H m — Ep the “energy product” 


W = 


Vm'Ep 

SttXIO 7 


(17A) 


A typical magnet curve is shown in 
Figure 3. Not only is the outline for a 
completely closed magnet circuit shown 
(a, b, c, d , e , f, g, h, r,) but the important 
minor loops bb f , cc f dd f , ee r , ff , and so 
forth, are included, as well as lines of con¬ 
stant energy product. The position of line 
OQ is a function of the external permeance 


of the exciting member before assembly 
with its mating member. 


(18) 

where Pf = external permeance in square 
centimeters/centimeter. 



Fo7 m ' \ 

A m f ) 




(2.54P 0 X2.54/ m ) 


m 




2.54 2 T m 
Polm 


m\ 


A 


(19) 


m 


For purposes of determining the line OQ, 
H m can be assumed to be anything. 

P 0 can be approximated to a close de¬ 
gree with this equation. 

Pq— A r [P a -\~B fi P j (20) 

where 



( 21 ) 



1:.UUU / 

d login I 


7r \ 


4.606^ 

II 

logio 


7r 



( 22 ) 

(23) 


(see Appendix III for derivation) 

For the particular case chosen we are at 
point c. If the magnetized inner rotor 
is assembled into an unmagnetized outer 
member with the teeth exactly matching, 
the permeance is greatly increased and we 
find we are at point c" on the minor loop 
cc 

In the case of d-c excitation leakage per¬ 
meances, such as at gap g, were of no sig¬ 
nificance if the steel parts were not per¬ 
mitted to saturate appreciably since this 
component of permeance is constant. In 
the permanent magnet excitation case 
this is no longer true since the excitation 
is actually a function of the flux density in 
the magnet. If saturation of the steel 
parts is neglected, the permeance when 
assembled becomes very nearly 

Pt = NIP A +Pfl+P«+P/3+P 7 /2] (24) 


The line OR on the magnetization chart 
is obtained from 


B m =H m (- jP\ (25) 

which is similar in form to equation 19. 

The line OR intersects the minor loop 
cc ' at point c u thereby determining H mi 
B m , and their energy product E P . For 




Figure 6 (left). Radial per¬ 
meance paths 


Figure 7 (right). Radial per 
meance paths 
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different values of displacement, x, with 
the resulting permeance changes since 
P T =f(X), the several positions of line OR 
are determined, and with them the cor¬ 
responding B nu H m , and E P values. In 
equation 17(A) we have shown the energy 
is directly proportional to E P . By plot¬ 
ting W versus x t Figure 4, we can obtain 
dw/dx by drawing a line tangent to the 
curve at x, and thus determine the torque 
from equation 6(A). 


Figure 8. “Exposed” inner rotor 
permeance paths 
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This is the total axial permeance. 
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Appendix I. Axial Components 
of Permeance 

Imagine a permeance tube emerging 
axially from member A and entering mem¬ 
ber B axially. It will be assumed that the 
permeance tube is as shown in Figure 5, 
consisting of two quarter circles of y radius 
and a straight part 5 long. P A1 will be 
designated as this component. This per¬ 
meance tube will have a length of {5-f- 
2{r/2y)} and a section (w-x)dy, and since 
there are two ends in series 


pAl ~~ 


(w—x) dy 


2 

< 

(w — 

•x) 

2ir ■ 

(w — 

■x) 
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8 -f-7ry 
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The limits 


2 x ) 

I d +t 


0 


are arbitrary. 


Now imagine a permeance tube emerging 
axially from A and entering B axially. It 
will be assumed that it has an average 

length of IV©’ 4-5 2 4-2^ 9 and a 

section xdz, and since there are two of these 
per tooth and again two ends are in series 
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Appendix II. Radial Components 
of Permeance 

The radial permeance (Pr) may be 
divided into several parts; see Figures 6 and 
7. The first part concerns those permeance 
tubes whose length is 5 and whose section is 




Pri~ 


(w—x)(L —g) 
45 


Imagine permeance tubes emerging from 
A having a length (7r/2y+5) and a section 
f L -g\ 

“— jdy. There will be two of these 

parts for each tooth with two sections in 
series. 


Pr2~ 
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Appendix III. Permeance of 
Magnetized Member Alone 

Two rectangular surfaces (Figure 8), 
separated by a uniform gap g, have an area 
wd. 


Two sections are in series ^ d Wd ^ 


Imagine permeance tubes leaving surface 
J (at right angles) and terminating on sur¬ 
face A r (at right angles). They will have 
an area ddy assuming their length as 


H 


g-f-2[ “ y ) I and remembering they exist 
on each side of the tooth, then 
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ddy 2d 
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The limits 


d/ 2 
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are arbitrary and apply to the 


case when the space between teeth >2d. 

If the space between teeth <2d use limits of 

Vs 

space between teeth. 

Imagine permeance tubes leaving surface 
B (at right angles) and terminating on sur¬ 
face B' (at right angles). They will have 
an area wdq . Assuming their length as 

g 4-2^ - and remembering this exists on 

each side 

\lm /2 
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Some Observations on the Economic 
Benefits in Going from One System 
Voltage Level to a Higher 
System Voltage Level 

D. K. BLAKE 

FELLOW AIEE 


OLTAGE is the great liberator of 
electric transmission and distribution 
systems. The ability to increase system 
voltages economically permits systems to 
grow. Voltage increase and load growth 
are mutually dependent companions. 
They help each other. One could not get 
very far without the other. It is the 
growing load calling for higher voltages 
that challenges the long range system 
planner. What voltage shall I use? 
Shall I use the one I have now or some 
higher one? How many voltage levels 
shall I have? The answer to these ques¬ 
tions is not always determined finally on 
economic grounds. Practical considera¬ 
tion of operation, maintenance, safety, 
clearance, trees, and outages serve to 
make the problem a highly complex one. 

Scope 

The scope of this paper will be limited 
to relative economic benefits in terms of 
load, distance, or area. Conductor size 
will be kept constant from one voltage 
to another since it is assumed that there is 
always enough load to utilize fully the 
same copper size used at the lower volt¬ 
age. The objective will be to obtain a 
better understanding of the benefits to be 
expected so that one will be in a better 
position to evaluate the practical in¬ 
tangibles. The observations will be 
limited to overhead systems since they 
get maximum benefits because they are 
usually limited in load-carrying ability 
by the permissible voltage drop. Under¬ 
standing comes with observing ideal geo¬ 
metrical patterns and uniform load dis¬ 
tribution. This is that kind of paper. 

Twin Benefits of Voltage 

Increasing to a higher voltage can be 
economically justified in two ways: 1. 
carrying more load, or 2. covering more 
distance. If the voltage is doubled, the 
current of a given load will be cut in half. 
In the same line resistance and reactance 
this half-current will give half-voltage 
drop which divided by twice the voltage 


will be one-quarter in per cent of the 
voltage drop of the original circuit. In a 
similar way half-current square gives 
one-quarter the per-cent copper loss. This 
is the famous voltage-square rule and is 
the basis of all economic evaluation of in¬ 
creasing overhead system voltages. Cable 
systems being thermal or current limited 
do not lend themselves so readily to in¬ 
creased voltage benefits. So doubling the 
voltage in overhead systems will permit 
four times the load the same distance or 
the same load four times the distance. 
The per-cent voltage drop and per-cent 
copper loss is the same in either case. 

Distributed Loads a Special Case 

The foregoing statement is satisfactory 
for transmission of power from one point 
to another, but in distribution systems it 
is restricted in its application. In dis¬ 
tribution systems, the general rule is that 
load and distance go hand in hand. For a 
given load density, a longer line picks up 
more load. So in the case of distributed 
loads, we must think of the voltage square 
factor of 4 as being divided between dis¬ 
tance and load. Two times the distance 
will pick up two times the load and have 
the same per-cent voltage drop and same 
per-cent copper loss. As long as any dis¬ 
tance times any load equals four, the per¬ 
cent voltage drop and per-cent copper loss 
are equal. If the voltage were increased 
to three times, the voltage-square factor 
would be 9 and carry three times the load 
three times the distance. So any voltage 
ratio squared is thought of as being equal 
to load times distance. 

The Different System Voltage Levels 
Are Intimately Related 

Our distribution systems have two or 
more voltage levels, the higher one sup¬ 
plying the lower one through trans¬ 
formers. If the voltage of one of these is 
raised, its economic relation to the other 
is changed and strict economy would tend 
to require a change in the voltage level of 
the other. There is one level, however, 


that is not changed, economical or not, 
and that is the domestic utilization volt¬ 
age of 120/240 volts. Fear of safety to 
the consumer has been the decisive factor 
in this country although other countries 
use 240 volts for lighting. Nevertheless, 
a few observations will be made to see 
what a 240/480-volt system might look 
like and how it would be related to the 
primary voltage that supplies its trans¬ 
formers. 

Secondary System Could Benefit 
From Double Voltage 

The simplest approach is to keep the 
copper size constant. Then doubling the 
voltage will mean double the distance be¬ 
tween transformers which in turn means 
double load and hence double the kilovolt¬ 
ampere size of transformers, see Figure 1. 
The principal benefit of this will be to re¬ 
duce the number of transformer locations 
to one-half. This will give lower trans¬ 
former cost per kilovolt-ampere and lower 
transformer losses per kilovolt-ampere 
on account of the larger rating, a benefit 
that is a result of increase in size. In ad¬ 
dition, we have half the cutouts and 
lightning arresters. An additional bene¬ 
fit comes in the form of larger motors that 
can be started from the viewpoint of dis¬ 
turbing lamp flicker. Figure 1 indicates a 
case where 20 amperes gives the limit at 
120 volts and corresponds to a one-quarter- 
horsepower motor. The larger trans¬ 
former permits 24 amperes instead of 20 
amperes at 240 volts which corresponds to 
a three-quarter-horsepower motor start¬ 
ing through twice the distance of second¬ 
ary line. 

240/480 Volts Secondary Helps 
Economy of 12 Kv Over 4 Kv 

Now this reduction in the number and 
the increase in individual size of trans¬ 
formers resulting from doubling the 
secondary system voltage has created a 
new situation with respect to the primary 
voltage. This new condition tends to 
favor a higher primary voltage so that it 
may be increased economically also. Sup¬ 
pose the primary is 2,400/4,160 volts and 
comparison is made with 7,200/12,480 
volts. If the secondary is 120/240 volts 
the 12-kv class will cost about $6.40 
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Figure 1 (above). Double secondary voltage reduces number 
of transformers and makes more favorable a higher primary 
voltage. Permissible starting current substantially increases 

permissible motor size 


Figure 3 (right). 
(E 2 /E 1) 2 Is called 
voltage square 
factor. Where 
simple patterns 
do not result in 
area coverage, 
the voltage square 
factor can be ex¬ 
pressed as a sim¬ 
ple product of 
distanceandload. 
Short-circuit cur¬ 
rent Isc is con¬ 
stant at corre¬ 
sponding points 
for either voltage 
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per kilovolt-ampere more for a 10-kva 
rating where the curve in Figure 2 shows 
a 20-kva unit (not a standard size, of 
course) to go with double the voltage 
would cost only $4.10 per kilovolt-ampere 
more. Doubling the secondary voltage 
does not increase the cost of the trans¬ 
former itself. This $2.30 is a substantial 
gain for the 12-kv system which gives it a 
better chance of favorable comparison 
with the 4-kv system. So doubling the 
secondary voltage does favor a higher pri¬ 
mary voltage and the two voltages are 
therefore economically related. In terms 
of feeder loads, these dollar values are in¬ 
creased, say 50 per cent, by diversity. 

Let us look now at the primary voltage. 
A good comparison would be 4 kv to 12 kv 
because these two are very common and 
they give a convenient ratio of three. 
Our voltage-square factor becomes 9 


which means we can go three times the 
distance and pick up three times the load, 
other things being equal. This relation 
applies to a straight line feeder, to one 
terminating in the middle of short or long 
branches as seen in Figure 3 just so long as 
load and distance are directly related. 

“Distance Coverage’’ and “Area 
Coverage” Convenient Distinctions 

At this point two distinctions must be 
made. They are “distance coverage” and 
“area coverage.” Figure 3 is distance 
coverage whereas Figure 4 is area coverage 
in a sense because the laterals or branches 
give the two dimensions of length and 
breadth to the circuit. However, we can 


still think of the simple relationship of 
3X3 because one of the dimensions is con¬ 
stant and only one varies. In such cases 
the area coverage is proportional to the 
length or distance and hence also the load 
so that for a given uniform density there 
would be three times the area and conse¬ 
quently three times the load, three times 
the length or distance. Such examples do 
occur in practice where restrictions pre¬ 
vent extension laterally. They may also 
be thought of as long rural lines through 
a valley with relatively short branches. 

When, however, the breadth changes in 
the same ratio with the length, the situa¬ 
tion arises where the area and conse¬ 
quently the load increases with the prod¬ 
uct of the length and the breadth. If the 
length and the breadth each increase in 
the same ratio, then the area and the load 
increase as the square of the ratio of the 
increase in the dimensions or distance. 
Thus it is not possible to increase the 
length of each line three times because 
this would result in an area nine times as 
large which at the same density would be 
nine times the load and thereby exceed 
the allowable voltage drop and probably a 
thermal limit too because we would then 
have three times the current we had at the 
lower voltage. However, the dimensions 
could be increased three times and the 
area nine times if the load were limited 
three times. This is another way of say¬ 
ing that three times the voltage enables 
us to carry three times the load over nine 
times the area at one-third the density as 
illustrated in Figure 5. It only compli¬ 
cates matters to change the density with 
voltage so Figure 5 is not of much help at 
the moment. It merely shows that the 
simple relationship of three times three 
when both the length and the breadth are 
increased can no longer be used. Another 
factor for load and distance must be 
sought. 
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Figure 2. Cost of distribution transformer capacity including one lightning arrester and cutout. 
Voltage charge for distribution transformers diminishes with increasing size. In terms of feeder 
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voltage Ez is D = \/E* 2 /E{* ox the cube 
root of the voltage ratio squared. 

Thus a matter of great importance in 
distribution and subtransmission is ar¬ 
rived at. By tripling the voltage, 4.33 
times the area can be covered and then 
4.33 times the load can be carried. Now 
it does not matter what the geometry 
of the area is just so long as the two areas 
have the same geometry which, of course, 
may not work out in practice. Neverthe¬ 
less, if the area is large and fairly con¬ 
tiguous the departures may not be too 
great. 
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Triple Voltage Supplies 4.33 Times 
Load Over 4.33 Times Area 

This is done by putting a new meaning 
into distance factor D. Instead of simple 
length it now comes to mean dimensions. 
That is, the dimensions of length and 
breadth will be changed by factor D. 
D must now be found when length and 
breadth increase in the same ratio. Now 
length a times breadth b gives ab the area. 
The load L is proportional to area ab. 
If each a and b is multiplied by D the new 
area and hence the new load L becomes 
DHib. Since the voltage drop is the 
product of load L times distance D } the 
new LD becomes D 5 ab. Now this is to be 
equated to the voltage square factor 
which is 9 so that D 3 ab — 9. Since it is as¬ 
sumed that the original area at 4 kv was 
equal to unity then D 3 = 9 and therefore 
D — \/9 = 2.08. So the new area and 
consequently the new load becomes 2.08a 
X 2.086=4.33 ab or simply 4.33 times the 
original load flowing over a length of line 
2.08 times as long as before. This result 
is illustrated in Figure 6. So this now can 
be put in an imposing formula and it can 
be said that the new distance D when 
going from a lower voltage Fa to a higher 


Feeder Areas and Substation Areas 
Benefit Alike 

Neither does it matter whether feeder 
areas or substation areas are considered. 
Figure 7 shows a large 4-kv substation of 
16 feeders. With 12 kv the number of cir¬ 
cuits can be reduced to four but each one 
could carry 4.33 instead of four times the 
load so the area and load for each circuit, 
and consequently the substation area, in¬ 
creases in the same ratio 4.33/4.00 = 1.08 
times. In this case the area coverage of 
the feeders gets the benefit of 4.33X2.08, 
but the distance coverage between the 
feeder area and the substation does not 
because the longest 12-kv feeders are 
shorter than the longest 4-kv feeders. In¬ 
creasing the permissible feeder length by 
2.08 the longest 4-kv feeder will give a 
substation area and load equal to 4.33. 

Twelve-Kv Distribution Helps 69-Kv 
Subtransmission Over 34.5 Kv 

So, to get full benefits from the higher 
voltage the substation area and load 
should be increased 4.33 times as shown in 
Figure 8. When this is done the situation 
on the subtransmission side is changed 


Figure 6. If both dimensions change then 
the area changes. The load changes corre¬ 
sponding to area change which in turn is pro¬ 
portional to the square of the ratio of the di¬ 
mensions. This load times the cube root of the 
voltage square factor gives same per-cent volt¬ 
age drop and loss. Short-circuit current in¬ 
creases with voltage because increase in dis¬ 
tance is less than the increase in voltage 


just as was done when we went from 240 
volts to 480 volts on the secondary sys¬ 
tem. By going to 12 kv the number of 
substations is reduced so that there are 
1/4.33 as many. If the 4-kv substations 
were supplied from 12 kv it would be a 
simple case of eliminating a transforma¬ 
tion and no change in voltage levels above 
12 kv would need to follow. If the 4-kv 
substation were fed at 34.5 kv, the ques¬ 
tion arises whether 34.5 kv would con¬ 
tinue to be the economical voltage with 
the load and area 4.33 times as large. 
Figure 9 shows the 12 kv with one substa¬ 
tion rated 4.33 and the 4 kv with four 
substations rated unity for a total of four. 
The 12-kv substation presents a simple 
distance coverage problem between the 
choice of 34.5 kv and some higher voltage 
like 69 kv. If the latter cost 1.5 times the 
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HIGH VOLTAGE SIDE OF TRANSFORMER 


cost per mile, there is a very obvious pos¬ 
sibility of justifying 69 kv. The greater 
the distance from this substation to the 
source of 69-kv supply, the greater become 
the 69-kv benefits. 

Subtransmission Area Coverage a 
Cost Obstacle to 69 Kv 

If, however, 16 small unit substations 
had been chosen instead of one large sub¬ 
station, we would have wound up with 
four 12-kv substations which presents a 
different problem on the 34.5-kv side as 
shown in Figure 10. Here the benefits of 
69 kv over 34.5 kv are reduced because 
the 69 kv has to cover more area or go to 
more points and pick up smaller loads. 
The result is to give loads on 69-kv lines 
between substations that are not great 
enough to show a substantial saving per 
mile at 1.5 times the cost per mile. In 
that case there must be a substantial dis¬ 
tance coverage benefit from the load area 
under consideration to the source in order 
to justify 69 kv over 34.5 kv. This il¬ 
lustration ignores the question of the 
most economical substation size. This 
will be treated later. 

Twelve-Kv Area Coverage Costs 
More Than 4 Kv 

So far benefits have been considered 
in the terms of load carrying ability. The 
relative costs should be examined now to 
see just where it is that money is saved. 
Loss evaluation is promptly disposed of 
because it is the same per-cent loss in 
either case. The simplest approach is to 
start at the load end. 

It is obvious from Figure 2 that trans¬ 
formers with arresters and cutouts for 12- 
kv circuits cost substantially more than 4 
kv. This greater cost diminishes as the 
transformer size increases. So substantial 
savings must be found elsewhere to make 
up for this higher cost of 12-kv trans¬ 
former installations. 

The next step is to look at line costs for 


the special case of distributed loads. It 
is at once obvious that just so long as we 
are limited to distance coverage in one 
dimension and using the voltage square 
factor of three times the load times three 
times the distance that the load divided by 
distance or vice versa is a constant and 
equal to unity so that the circuit miles per 
kilovolt-ampere do not change and no 
benefit is derived from line costs even if 
the 12-kv line costs the same per mile as a 
4-kv line. Therefore, that portion of the 
circuit between the first transformer and 
the last transformer costs more per kilo¬ 
volt-ampere for 12-kv distribution than 
for 4-kv distribution for both the line and 
the transformers. 

In the case of changing both dimensions 
the same result is obtained because in¬ 
creasing the length of lateral by 2.08 also 
increases the length of main and hence 
the number of laterals by 2.08. There¬ 
fore, we come out with 4.33 times the load 
and 4.33 times the mileage of line. Thus 
it is clear that higher voltage cannot 
possibly save money in the load area it¬ 
self. Load area coverage definitely in- 
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Figure 9. One big substation covering the 
same area as four small ones greatly reduces 
the mileage of transmission circuit and thus 
tends to favor a higher economic choice of 

voltage level 
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Figure 10. One large substation will feed an 
area fed by four smaller ones. If in turn these 
larger substations could be grouped in a large 
area to be fed at Ehv^I, a saving in line cost 
could result from double the voltage butjiot 
nearly as great as Figure 9. This and Figure 9 
show how increasing the low-voltage level 
tends to favor a higher high-voltage level 


creases on a cost per kilovolt-ampere basis 
as the voltage increases. All savings, 
therefore, must come from the feeders and 
substations supplying the load area. This 
turns out to be substantially a plain dis¬ 
tance coverage benefit so well known in 
transmission. 

Twelve-Kv Savings Occur in 
Substation and Its Feeders 

So let us look at the feeder from the 
feed point, or first transformer in the 
feeder load area, to the substation. Here 
is the most favorable result from 12 kv. 
In one case one feeder is replacing three 
4-kv feeders for distance coverage of dis¬ 
tributed loads as in Figure 4 and in the 
other case one feeder replaces 4.33 4-kv 
feeders as in Figure 7. These savings for 
12-kv feeders are also greater for the 
lighter densities and less for higher densi¬ 
ties. However, as densities become in¬ 
creasingly greater, a point is reached 
where line congestion becomes a factor 
and 12 kv will make it possible for sub¬ 
stations to be four times larger before the 
same congestion is reached in terms of the 
number of feeders. 

Next is the substation itself. Figure 11 
shows that if there is enough load to put 
5,000 kva on a 12-kv feeder, the substa¬ 
tion may cost about $2.00 per kilovolt¬ 
ampere less. So up to this point a sub- 
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Figure 11. Cost of 33-kv 
substation capacity. Abso¬ 
lute substation costs depend 
to a large extent on its pat¬ 
tern of connections. A simple 
pattern would diminish in cost 
with load and voltage increase 
as illustrated. A more elabo¬ 
rate pattern would tend to give 
a steeper curve or more 
change with load increase 


stantial saving in line mileage would be 
needed to make up for the distribution 
transformer investment difference of $4.00 
to $6.00 per kilovolt-ampere. This latter 
applies to the total transformer kilovolt¬ 
amperes and may exceed the feeder kilo¬ 
volt-ampere as much as 1.5 so the cost in¬ 
creases to $6.00 to $9.00 per kilovolt¬ 
ampere. Figure 12 will help to show how 
much this might amount to in the case 
where load is proportional to distance. 
It has been seen that the only place avail¬ 
able for saving money in such cases is the 
feeder circuit between the feed point and 
the substation. The particular cost and 
loss evaluation shows that this can be 
enough to counterbalance effectively the 
higher cost of 12-kv distribution trans¬ 
formers and have the substation saving as 
a good margin. Figure 13 shows less ad¬ 
vantage when the feeder area size and load 
is increased 4.33 times and the substa¬ 
tions are located centrally as illustrated. 
It has been seen from Figures 9 and 10 
that the additional benefit of larger sub¬ 
station size attending 12 lev may bring 
savings on the subtransmission supply by 
creating a favorable situation for a higher 
sub transmission voltage. As pointed out, 
load and voltage must travel in pairs if 
there is to be a saving. Increased volt¬ 
age is of no benefit without increased load 
to make it economical. They are the 
4 ‘Gold Dust” twins. 


drop if the dimensions are doubled so the 
loading will have to be limited to one- 
half. In that case the density becomes 
one-quarter whether it is expressed as 
kilovolt-amperes per 1,000 feet or kilo¬ 
volt-ampere per square mile. Instead of 
2,000 kilovolt-amperes per circuit we have 
1,000 kilovolt-amperes per circuit at 1,000 
kilovolt-amperes per square mile. A 12- 
kv circuit thus becomes limited to 3,000 
kilovolt-amperes. 

Since the number of the circuits does 
not change, substation switching cost 
goes up inversely with the load and conse¬ 
quently saving in substation because the 
transformer cost per kilovolt-ampere is 
substantially the same for either 4 or 12 
kv. This concept is true only within the 
range of kilovolt-ampere ratings that do 
not produce much difference in interrupt¬ 
ing capacity required. For convenience 
$4.00 per kilovolt-ampere saving in sub¬ 
station at the lower density will be as¬ 
sumed. 

The circuit length between the feed 
point and substation doubles when the 
distances are doubled. The total cost in 
dollars doubles and the difference or sav¬ 
ings in dollars also doubles. But the load 
is one-half so the saving in cost per kilo¬ 
volt-ampere saving of feeder circuit 
length becomes four times that shown in 
Figure 12. The losses in per-cent kilo¬ 


watts do not change and so the evalua¬ 
tion per kilovolt-ampere remains the same 
as before because we have one-half the 
kilowatt loss at one-half the load. 

Economic Feeder or Substation Size 
Increases Slowly with 

vXoad Density 

The same remarks apply to Figure 13. 
The lengths of the feeders and their dif¬ 
ference or savings change with the dimen¬ 
sion. The area changes as the square of 
the change in dimensions. The load must 
change inversely with the dimensions to 
give the same voltage drop in this case too 
because the number of branches in the 
load area are kept constant. So the re¬ 
sult is a load area four times as big at one- 
half the load resulting in one-eighth the 
density. The load that can be carried 
and kept within the same voltage drop be¬ 
tween the first transformer then varies as 
the cube root of the ratio of the load den¬ 
sity when all dimensions are changed in 
the same proportion. So if there is a 
1,000-kva circuit supplying or covering 2 
square miles at 500 kva per square mile, 
there will be a 2,000-kva circuit covering 
a quarter or 1/2 square mile at eight 
times the density or 4,000 kva per square 
mile. Therefore, the load that can be 
carried increases very slowly with den¬ 
sity. 

Number of Feeders or Substations 
Increases Faster with 

vXoad Density 2 

On the other hand, if the density of the 
square mile increases uniformly to eight 
times there would then be four circuits 
each of 2,000 kva each or the number of 
circuits increases as the cube root of the 
square of the ratio of the load density. 
So from this it is seen that the slow rate of 
increase in feeder size necessitates a faster 
increase in the number of circuits. Since 


Twelve-Kv Greatest Benefit Occurs 
When Initiated at Light Load 
Density 

Cost evaluations made at a fixed den¬ 
sity are easily modified by merely chang¬ 
ing the dimensions of the pattern and thus 
obtaining some idea how cost changes 
when the density is changed. Let us go 
back to Figure 12 and double the dimen¬ 
sions (in this case length only) and 
thereby double the area resulting in 
one-half the density if the same total load 
on the circuit is kept. But it is not pos¬ 
sible to keep within the prescribed voltage 


Figure 12. For uniform load 
distribution and contiguous 
areas the cost per kilo-volt- 
ampere of lines and losses in 
per cent between FP and the 
distribution transformers is the 
same for either voltage. The 
cost per kilovolt-ampere of 
feeders between FP and the 
substation is less for the higher 
voltage. To this is to be 
added saving in substations 
and to be subtracted is the 
voltage charge for transformers 
and accessories 
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Figure 1 3 (left). The cen¬ 
tral location of the substa¬ 
tion in a rectangular area 
saves less than Figure 12 
because the distance be¬ 
tween substation and FP is 
less 


Figure 15 (right). Circuit 
breakers likewise have a 
sharp rise in voltage charge. 
There is some compensa¬ 
tion on large capacity sys¬ 
tems by the increased inter¬ 
rupting capacity that tends 
to accompany the higher 
voltage 



these factors apply to either voltage level 
it becomes evident that the 4-kv system 
will run into pole line congestion much 
sooner than the 12-kv system. Thus we 
see that the earlier a higher voltage level 
is introduced in the area, the more there 
is to be gained. At 500 kva per square 
mile much more is gained in cost than at 
4,000 kva per square mile. If 4,000 kva 
per square mile should be the point of un¬ 
desirable pole congestion at 4 kv with 12 
kv the corresponding point of congestion 
would not be reached until 4,000X4.33 or 
17,300 kva per square mile or a density 
ratio of 34.6-to-1. 

Economic Substation Size Influenced 
by Ratio High-Voltage to Low- 
Voltage Line per Cost Mile 

Thus far a definite ratio has been as¬ 
sumed in substation size based entirely on 
the choice of 4 kv or 12 kv. It is seen that 


the larger substation for 12 kv tends to re¬ 
quire a higher subtransmission voltage 
level to go along with it like going from 
34.5 kv to 69 kv. It should be pointed 
out now that once a voltage level is chosen 
for the distribution system, the econom¬ 
ical substation size to supply its circuits 
is in a great measure determined by the 
ratio of the cost per mile of the subtrans¬ 
mission to feed it and the cost per mile of 
the distribution feeders to connect be¬ 
tween the individual feeder areas and the 
substation. 

vSince, therefore, 12-kv overhead lines 
do not cost much more per mile, say 1.1, 
than 4-kv lines and since 69-kv lines might 
cost 1.5 times the cost of 34.5-kv lines per 
mile, a new situation is created requiring 
a review of the economical substation 
size for 69-kv to 12-kv substations which 
may be larger than the 4.33 ratio pre¬ 
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Figure 14, Volt¬ 
ages above 69 kv 
incur a sharp rise 
in voltage charge 
for a given size of 
transformer. This 
must be offset by 
a much larger 
kilovolt - amper¬ 
age for the higher 
voltages plus sav¬ 
ings in line costs 


VOLTAGE 


viously given based on the.consideration 
of 4 kv and 12 kv alone. Whatever the 
ratio of 34.5- to 4-kv line cost per mile is 
the 69-kv to 12-kv cost per mile ratio will 
be substantially greater. This greater 
ratio of 69 to 12 kv will have the effect of 
increasing the 12-kv substation size to a 
ratio greater than 4.33. What happens is 
that the larger substation puts back some 
of the money saved in 12-kv distribution 
feeders in order to save a corresponding 
greater amount in 69 kv so that the over¬ 
all saving will become greater. 

Twelve-Kv Substation Economic Size 
May Be Greater than 4.33 

Thus if we started with a 5,000 kva 4-kv 
substation we would have a 21,650-kva 
12-kv substation considering only voltage 
drop in the 12-kv circuits. If the load 
area were large enough and contiguous 
enough the new 69- to 12-kv substation 
may be still more economical at a higher 
value like 25,000 kva or even 30,000 kva 
because of the increased ratio of high- 
voltage to low-voltage line costs per mile. 
To continue the process onwards and up¬ 
wards, if we had the area and load to go 
with it, it might be found that the pre¬ 
vious 34.5 kv was being in turn fed from 
115 kv or 138 kv. So substituting 69 kv 
for 34 kv tends to involve a shift from 115- 
kv/34-kv/4-kv system to a 161-kv/69- 
kv/12-kv system or possibly a 230-kv/69- 
kv/12-kv system for maximum economy. 
This is not meant to imply that such 
changeovers could actually be undertaken 
but only the cost relations tend to do that 
and savings may not be great enough in 
magnitude to absorb the costs of change¬ 
over. 
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Subtransmission Voltages Above 
69 Kv Have Stiff Voltage Charge 
Obstacles 

IJowever, above 69 kv there are some 
pretty stiff cost obstacles that will require 
large amounts of load to bring them 
within the economic range. These ob¬ 
stacles are the voltage charges for the 
major apparatus like transformers and 
circuit breakers. Figure 14 shows how 
rapidly the transformer cost goes up with 
voltages above 69 kv and Figure 15 illus¬ 
trates the circuit-breaker picture. These 
voltage charges affect the benefits of the 
voltage square factor in such a way as to 
restrict the number of transformers and 
circuit breakers that can be connected to a 
circuit. The final result is to justify very 
large substations to transform from these 
higher levels to lower levels. The con¬ 
cept of distance coverage predominates in 
their application rather than the con¬ 
cept of area coverage. 

Figure 15 is of particular interest be¬ 
cause it shows the higher interrupting- 
kilo volt-amperage available and the small 
spread in its cost at and above 138 kv. 
This is an additional benefit for these 
higher voltages. As systems grow and 
reach a short-circuit duty bottleneck at 
the lower voltage the higher voltage gives 
a way out by the much greater interrupt¬ 
ing capacities available. Thus the higher- 
voltage charge brings a benefit that en¬ 
ables the lower-voltage system to be sub¬ 
divided and supplied from a higher-volt¬ 
age level which bears the burden of future 
growth. 

Field Conditions Have Been Chief 
Obstacle in Way of Acceptance 
of 12-Kv Economy 

The foregoing discussion has been 
largely theoretical ignoring field condi¬ 
tions that tend to favor one voltage class 
more than another. The most common 
and obvious field condition is that of 
trees. The custom of using weatherproof 
wire at 4 kv is maintained largely on the. 
basis of the short-time insulating value of 
weatherproof covering. The value of this 
covering occurs under the condition of 
heavy winds blowing limbs into the 
wires and pressing them together and the 
presence of foreign objects across wires. 
Experience has shown that this covering- 
does prevent arcing and consequent cir¬ 
cuit-breaker operations although it is not 
designed for permanent contact between 
conductors. Twelve-kv bare wire would 
require greater conductor spacing and a 
greater amount of tree trimming to pre¬ 


vent limbs pushing the conductors to¬ 
gether for weatherproof covering is not 
used at 12 kv. Four kv is commonly 
worked hot with rubber goods whereas 12 
kv is ordinarily worked with hot line 
tools. 

These two factors plus the inherently 
greater area coverage with load and 
longer time per outage have been mainly 
responsible for the slow acceptance of 12- 
kv class voltage for urban domestic areas. 
The economy of the 12-kv voltage is not 
substantial enough, in the opinion of 
many operators, for them to accept these 
disadvantages. However, in recent years 
there has been a very substantial increase 
in the use of this voltage class in suburban 
residential areas. In rural and industrial 
areas the 12-kv class, including 13.8 kv, 
is widely used. 

On the other hand, increasing load 
densities often produces circuit congestion 
and real estate difficulties for 4-kv sub¬ 
stations. The ratio of 4.33-to-l gives 12 
kv a big advantage from this viewpoint 
and from the viewpoint of subtransmis¬ 
sion lines of 34.5 or 69 kv to supply the 
substation. 

The Short-Circuit Duty on Fuse 
Cutouts Is Substantially 
Increased With 12 Kv 

The same short-circuit current at 12 kv 
means three times the energy or kilovolt¬ 
amperes to be interrupted. In Figure 3 it 
is seen that the short-circuit current is the 
same value in amperes at the end of the 
circuit. The current increases in the same 
proportion on a percentage basis as one 
goes closer to the substation. That is, at 
the half-way point the amperes are still 
equal. At an equal distance in feet the 
12 kv has three times the amperes. 

The area coverage picture, however, is 
somewhat different. The short-circuit 
amperes are 44 per cent greater at the end 
and at other points on a percentage basis. 
This means 4.33 times the kilovolt¬ 
amperes. This is for the worst condition 
of a sustained voltage at the substation 
bus which can apply only to very large 
stations when the short circuits get near 
to but not at the substation bus. 

Figure 7 shows that the substation 
short-circuit kilovolt-amperage is up only 
8 per cent because we took 12-kv benefits 
in the feeder size only and thereby only 
increased the substation size in the ratio 
of 4.33-to-4. Ignoring this 8 per cent 
gives nine times the ohms reactance at 12 
kv and so the same short-circuit kilovolt¬ 
amperes or one-third the current at the 4- 
kv substation. By looking at Figure 8 
it is seen that if we take 12-kv benefits by 


increasing the area to keep the same 
number of feeders the short-circuit kilo¬ 
volt-amperes is increased to 4.33 times for 
circuit breakers. This means that if the 
4-kv substation reactance in ohms is 
taken as equal to Z T then the 12-kv sub¬ 
station for Figure 7 will be 9 Z T and for 
Figure 8 Z T will become (9)/(4.33) Z T . 
Similarly, if the feeder length for any par¬ 
ticular area is taken as equal to Z F at 4 
kv, it will be 2.08 Z F at 12 kv because of 
the distance factor D. 

This applies to Figure 8 also so it is pos¬ 
sible to define the short-circuit current at 
corresponding feed points as I sc =3E/~ 
[2.08 (Zv+Zp)] since 9/4.33 — 2.08. Since 
3/2.08 = 1.44, the individual areas will 
have a short-circuit current 1.44 times as 
great or a short-circuit kilovolt-ampere 
of 1.44X3 = 4.33 times as great. The 
general equation is 



Z T being the ohms reactance of the orig¬ 
inal voltage and Z F the ohms reactance 
at the original voltage and distance. 

This equation is also good for any point 
on the lateral Z L within the load area be¬ 
yond the feed point provided there is no 
change in the geometry of the pattern. 
Nonuniformity in field conditions pre¬ 
cludes such a simple relationship in prac¬ 
tice so that the percentage of the cutouts 
receiving different degrees of duty can 
vary substantially up or down. How¬ 
ever, it is evident that higher voltages re¬ 
quire higher interrupting capacities and 
higher interrupting capacities increase 
the cost of transformer installations. 

Full Benefits of 12 Kv Require Same 
Use of Regulating Devices or 
Methods 

The foregoing analysis assumes that 
there is no change in the means of regulat¬ 
ing the voltage. This must be true in 
order to get full benefits for the higher 
voltage. If the 4 kv has feeder and sup¬ 
plementary regulators then the 12 kv 
likewise should have feeder and supple¬ 
mentary regulators for full benefits. 
Comparison of particular situations with 
regulators in 4 kv and none in 12 kv may 
show an advantage for 12 kv, but such 
cases do not fully utilize the capabilities of 
12 kv. So the interpretation must not be 
made that feeder and branch regulators 
are not economically useful at 12 kv. 
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Feeder regulators and branch regulators 
are useful at any voltage level to extend 
the economic range of that voltage. The 
economic principles determining regu¬ 
lator applications are the same for any 
voltage level. 

Twelve Kv Means Greater Outage 
or Less Savings 

The greater area coverage of 4.33-to-1 
as already noted means there is 4.33 times 
the mileage of line for one 12 kv as for one 
4-kv circuit. With the same trouble rate 
per mile of line one 12-kv circuit will have 
the same number of outages as 4.33 cir¬ 
cuits operating at 4 kv in the same area 
would have. Each time an outage oc¬ 
curs on the 4-kv circuit unit load would be 
interrupted and 4.33 circuits would in¬ 
terrupt 4.33 load units. The correspond¬ 
ing 12-kv circuit would interrupt 4.33 
units of load for each outage. Since the 
rate per mile is constant, there would be 
4.33 load units interrupted 4.33 times. 
This means that each customer would ob¬ 
serve 4.33 times the number of interrup¬ 
tions. 

If the time to locate permanent faults is 
proportional to the mileage, each cus¬ 
tomer would experience 4.33 times this 
interval plus the time to repair. The lat¬ 
ter, of course, may be constant. The ef¬ 
fect of this outage time and number of 
customers can be reduced by having more 
sectionalizing in the 12-kv circuit than in 
the 4-kv circuit. Of course, the 12-kv 
circuit could be restricted in its extent 
and carry less load. 

Any method used to reduce the disad¬ 
vantage of more customers out a longer 
time means some 12-kv savings have to be 
sacrificed. Fortunately automatic re¬ 
closing devices reduce the seriousness of 
this disadvantage to those faults classified 
as permanent. A low percentage of per¬ 
manent faults is, therefore, essential to 
higher economy with higher voltage with¬ 
out a substantial sacrifice in outages. 

High load densities serve to reduce the 
seriousness of this factor because the 
mileage per circuit is reduced accordingly 
and the number of faults per circuit is 
thereby reduced and the consequent time 
to locate a permanent fault is reduced. 
Substations being larger and fewer enable 
12 kv to have 4.33 less faults in number 
but 4.33 times the load for each so each 
customer notices no change as far as sub¬ 
station outages are concerned. 


The evaluation of outage versus sav¬ 
ings is a matter of judgment. Men differ 
in their judgment with the same set of 
facts; therefore some will think the sav¬ 
ings worth the outage disadvantage and 
some will not. Since it is their money 
their judgment is the one that counts. 

Nonuniformity of Field Conditions 
Tends to Favor 12 Kv Over 4 Kv 

Nonuniformity of field conditions serves 
to upset these general observations. The 
most common condition of nonuniformity 
is the existence of substantial space or 
gaps between load areas. In effect, these 
serve to reduce the average load density 
which has been noted as more favorable 
to the higher voltage. Another common 
condition is the large individual loads 
that have a wide range in demands and in 
distribution. This effect is reduced sub¬ 
stantially by the higher voltage by in¬ 
creasing this range in demands and in dis¬ 
tribution by its voltage square factor be¬ 
fore they will have a corresponding effect 
on 12 kv that they had on 4 kv. Another 
way of looking at it is to think of these in¬ 
dividual loads with a certain demand and 
a certain spacing between them. The 
voltage square factor divides their in¬ 
fluence by nine and to that extent serves 
to make the loads appear to be more uni¬ 
form. 

Almost any given set of nonuniform 
conditions at 4 kv turns out to be less in¬ 
fluencing at 12 kv. Included in this ob¬ 
servation should be those fluctuating 
loads which tend to cause disturbing 
lamp flicker. A voltage square factor of 9 
applies to them as we saw in Figure 1. 
For 12 kv they can be nine times as big for 
the same distance or three times as big for 
three times the distance as far as the ef¬ 
fect of line impedance is concerned. 

The Present System Is a Deterrent 

The present system is a severe handi¬ 
cap to going to a higher voltage level. 
The first essential is a load growth large 
enough and fast enough to subordinate, 
in a reasonable time, the lower system 
voltage. The second essential is a planned 
conversion that takes a section at a time 
so that two things are accomplished. 
First, purchase a minimum of new ap¬ 
paratus for the lower voltage. This is 
accomplished by using apparatus of con¬ 
verted sections to furnish a stock for load 
growth in sections not converted. Second, 


the rate of conversion is controlled so that 
the present system is maintained the. rest 
of its useful life consistent with service 
standards and maintenance requirements. 

The fastest growing areas should be 
selected for conversion first to avoid pro¬ 
longing life of the lower voltage system. 
Some sections may be impractical or un¬ 
desirable to convert. They can be main¬ 
tained and supplied from small unit sub¬ 
stations supplied in turn from the new 
higher voltage. Conversion itself is not 
the objective. The objective is to get 
maximum benefits practical from the 
higher voltage and only such conversion 
that will attain this result is carried out 
step by step. 

Conclusion 

Given enough load and enough con¬ 
tiguous area a good case can be made for 
12 kv over 4 kv. The magnitude of this 
saving has not been stressed in this paper. 
Such cost values that have been used were 
used only with the intention of indicating 
possible magnitudes relatively and to 
illustrate a method of comparison. 

The higher voltage benefits are con¬ 
tingent on the same voltage drop being 
allowed and same regulating methods 
for maximum benefits. 

Savings come principally in feeders and 
substations and are maximum at lighter 
densities. 

At any higher-voltage level the tend¬ 
ency is to more and longer outages from 
the customer viewpoint with increased 
short-circuit duties on interrupting de¬ 
vices. 

The 12-kv level tends to justify a 
higher sub transmission supply than 34.5 
kv. Above 69 kv the voltage charge for 
apparatus puts a severe check on this 
tendency. Other system requirements 
may preclude conversions at these higher 
levels as well as the relatively small dif¬ 
ference in cost. 

Four-kv systems fed from 12-kv sys¬ 
tems give a clear-cut saving in substation 
costs by eliminating one voltage level. 

Obviously benefits from smaller copper 
could be substantial where the area does 
not have enough load to fully utilize both 
large copper and higher voltage. 

Sectionalizing means could be used at 
either voltage level but in view of greater 
area coverage may be more worth while 
at 12 kv than 4 kv and thus give an ac¬ 
ceptable continuity performance at the 
higher voltage. 


NoD iscussion 


592 


Blake—Going from One Voltage Level to a Higher Voltage Level 


August 1952 



Ice-Melting and Prevention Practices 

on Transmission Lines 


V. L. DAVIES 

NONMEMBER A!EE 


L. C. ST. PIERRE 

ASSOCIATE MEMBER AIEE 


I CE storms generally occur each year in 
the 11,000 square miles of territory 
served by Public Service Company of 
Northern Illinois. Located in the terri¬ 
tory are approximately 3,200 circuit miles 
of 33-, 66- and 132-kv overhead transmis¬ 
sion lines and about 21,000 miles of dis¬ 
tribution circuits. Icing conditions af¬ 
fecting these lines have been recorded as 
early as November 15 and as late as April 
15, a 5-month period. There appears to 
be no regular cycle for the occurrence of 
the ice storms nor is there any pattern as 
to their extent or severity. 

Information on the approach of a 
storm is received from various sources in¬ 
cluding outlying substations, airway radio 
stations, and the United States Weather 
Bureau’s special forecasts to the com¬ 
pany concerning icing conditions. Some 
of the company’s personnel have become 
quite experienced in weather forecasting 
and in keeping the power supervisors in¬ 
formed on the location and progress of the 
ice storm. 

Experience has shown that prompt ac¬ 
tion is of the utmost importance in ice- 
prevention and ice-melting practices in 
order to take advantage of the higher 
ambient temperatures that are usually 
prevalent during the formative period. A 
drop in temperature is quite likely to oc¬ 
cur at the end of this period which may 
make melting difficult or impossible. Also 
heavy snow sometimes follows the icing 
period which may make transportation 
difficult for switching or maintenance 
crews. The emphasis is, therefore, on 
speed of melting, using high-current 
values over comparatively short-time 
periods. 

In order to expedite the ice-melting 
operation, gang-operated air-break 
switches have been installed at strategic 
locations in lines to eliminate the neces¬ 
sity of installing short-circuiting jumpers. 
At some locations, short-circuiting load 
interrupter switches have been installed 
to apply and remove ice melt currents 
ranging in magnitudes up to 600 amperes. 
These switches eliminate the necessity of 
taking these lines out of service for ap¬ 
plication and removal of short-circuiting 
equipment, thus reducing interruption 
time to customers served from the line. 


Special disconnects and ice-melting bus¬ 
ses have been installed at substations to 
afford flexibility as to source and poten¬ 
tial. Operating routines for the various 
melting methods with all pertinent data 
are prepared in advance to eliminate time 
delays that might occur if it were neces¬ 
sary to work up this information during 
an icing period. Test melting operations 
are performed on lines prior to the prep¬ 
aration of final routines to detect any 
weaknesses in the ice-melting circuit such 
as poor connections, joints, and so forth, 
and to verify calculated current values. 

Correction measures can then be taken 
« 

under better conditions than those which 
prevail during an ice storm. 

As the magnitude of power require¬ 
ments is high, especially when melting 
with 33-kv potential, it is, of course, es¬ 
sential that melting centers be backed up 
with a firm source such as the 66- and 
132-kv systems, and that sufficient trans¬ 
former capacity to carry both the melting 
current and the normal load current si¬ 
multaneously be provided. 

Ice-Prevention Practices 

Load-Shift Method 

Ice-prevention methods are practiced 
on 33-, 66- and 132-kv lines in the com¬ 
pany territory as soon as icing possibili¬ 
ties are reported. The simplest method 
practiced to prevent ice formation is that 
in which additional system loading is 
placed on transmission lines in the ice- 
storm area by removing from service lines 
outside of the area, or removing from serv¬ 
ice lines in the storm area from which ice 
can be more readily melted later. Suf¬ 
ficient current is thus placed on lines to 
prevent ice formation. This current is 
considerably less than that which other¬ 
wise would be required to melt ice. 

Circulating-Current Method 

Another method of increasing the cur¬ 
rent on lines for ice prevention is causing 
circulating current to flow in transmission 
line loops by maintaining a voltage dif¬ 
ferential across the loop at the substation 
terminals. Typical examples of the use of 
this method is at Bell wood Substation 
where two 60,000-kva 66/33-12-kv trans¬ 


former banks are switched so that each 
transformer bank supplies a separate 33-kv 
bus. The ends of a 6-mile transmission 
loop are connected to the separate busses. 
By adjusting the voltage regulator on 
each transformer, a voltage differential 
can be obtained to cause approximately 
200 amperes of circulating current to flow 
through the loop in addition to the normal 
load current. Similarly, approximately 
200 amperes can be caused to flow through 
another transmission loop between Bell- 
wood and Forest Park Substations. 

The 66- and 132-kv lines must receive 
first attention during an ice storm in order 
to keep the major substations and supply 
points in condition to supply the lower 
voltage transmission lines and furnish 
adequate capacity for melting from these 
points. Prevention practices are, there¬ 
fore, first placed into effect on these lines 
upon approach of an ice storm. 

Unfortunately, the ice-prevention 
methods do not give 100 per cent coverage 
on all transmission lines and ice accumu¬ 
lates on the lines not loaded for preven¬ 
tion. It, therefore, becomes necessary to 
remove it as promptly as possible before 
winds acting on the icy conductor causes 
galloping resulting in conductors con¬ 
tacting and burning down or before line 
failures occur from weight of ice. The 
66- and 132-kv system is again given first 
consideration in ice-melting practices for 
the reasons mentioned previously. 

Ice-Melting Practices 

Short-Circuit Method 

The short-circuit method of melting ice 
from transmission lines consists essen¬ 
tially of short-circuiting or grounding the 
line at one end and applying a potential 
of sufficient magnitude at the other end as 
to cause ice-melting current to flow over 
the line. Curve sheets showing relation 
between current magnitude and melting 
time for various ambient temperatures 
and wind velocities have been prepared 
for various size conductors. These are 
based on 1/4-inch ice accumulation with 
wind direction at right angle to the con¬ 
ductor, and are used as at time guide in 
this and other methods of ice melting. 
Figure 1 shows the time-current relation 
for 3/0 copper conductor. For example, 
this curve sheet shows that if only 400- 
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Figure 1 (left), ice-melting 
and prevention curves for size 
3/0 hard drawn bare copper 
conductors 
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Figure 2 (right). Short-circuit 
method of melting ice on 132- 
kv transmission lines at 132 kv 
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amperes melting current is available, the 
melting must be done while the air tem¬ 
perature is near freezing and the wind ve¬ 
locity is low, or it may be impossible to 
remove the ice. If rising winds and a 
drop in temperature are forecast, prompt 
action must be taken to remove the ice 
while the conditions are most favorable. 

In the lower left-hand corner of Figure 
L, the current values required for ice pre¬ 
vention at various air temperatures and 
wind velocities are also shown. The time 
factor does not enter into these curves as a 
variable since prevention, if used, is a 
continuous process during the storm 
period. These curves show that much 
smaller currents are required for preven¬ 
tion. Most ice formations on conductors 
occur when the air temperatures are near 
“2 degrees centigrade. Assuming a 10- 
mile-per-hour wind, only 200 amperes are 
required to prevent the formation of ice, 
as compared to 550 amperes required to 
remove 1/4 inch of ice in 10 minutes. 

Maximum allowable current data for 
various size conductors under various 
conditions of ambient temperature and 
wind velocity has also been prepared. 
This data is also used as a guide for prep¬ 
aration of ice-melting routines. 

Melting of ice using the short-circuit 
method dates back to 1923 when current 
was applied to the 12- and 33-kv river 
crossing lines at station 9, Joliet, to clear 
them of a heavy formation. However, it 
was not until 1932 that ice-melting opera¬ 
tions were first put into effect on 66- and 
132-kv lines. A severe storm at that time 
demonstrated the necessity of initiating 
a regular system of freeing the lines of 
ice. 

Early methods of ice melting called for 
the use of generators as a source of melting 


current which has the advantage that the 
desired current can be applied to lines of 
various lengths and impedances by varying 
the generator voltage. A disadvantage 
of this method is the necessity of reducing 
the available load carrying generator 
capacity. A further serious disadvantage 
is the amount of time consumed in pre¬ 
paring a generator and switching to make 
it available for this purpose. This method 
has been abandoned where possible and 
the simpler method of melting directly 
from the normal working system bus or 
with isolated transformers is being em¬ 
ployed. 

Figure 2 shows an application of the 
short-circuit method on a 115-mile 132-kv 
transmission line combination between 
Waukegan and Chicago Heights. This 
circuit is isolated from the transmission 
system at Electric Junction, Joliet, and 
Chicago Heights. Seven hundred eighty 
amperes of melting current is supplied 
directly from the normal 132-kv operat¬ 
ing bus at Waukegan Generating Station 
to the short-circuit disconnects at the 
Chicago Heights Substation, Since this 
current is far beyond normal load values, 
the relaying is made ineffective at all 
points except Waukegan where overload 
protection is provided by special relays to 
protect the operating system. The melt¬ 
ing time to remove 1/4 inch of ice from 
conductors with an ambient temperature 
of 28 degrees Fahrenheit and 10-mile- 
per-hour wind is 14 minutes. 

There have been numerous applica¬ 
tions of the short-circuit method of ice 
melting on 33-kv lines with the current re¬ 
quirements supplied directly from the 
substation 33-kv operating bus. In a 
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large number of cases, load interrupter 
short-circuiting switches are used at the 
far end of the line which initiate and in¬ 
terrupt the flow of melting current. 
Their use has expedited considerably the 
melting operations. Since the voltage 
level along the line will vary from ap¬ 
proximately 33 kv at the source to zero 
voltage at the short-circuit location, serv¬ 
ice to customers close to the source will 
not be materially affected while service to 
those near the end of the line will be in¬ 
terrupted. As a guide to determine 
whether intermediate customers should be 
disconnected from the line during the 
melting operation, curves shown on Fig¬ 
ure 3 prepared by the company testing 
department show the allowable duration 
of low voltage without damage to cus¬ 
tomer motors. The data on these curves 
is based on tests of only a few motors con¬ 
sidered as representative. 

Figure 4 shows the ice-melt facilities in¬ 
stalled at Bellwood Substation to provide 
3-, 4-, 12- and 33-kv potential for short- 
circuit melting on 33- and 66-kv trans¬ 
mission lines in the area. Due to some 
lines being relatively shorter than others, 
3 and 4 kv is applied to give the desired 
current. Longer lines, or two or more 
shorter lines placed in series, require 12- 
and 33-kv potential. Three or 4 kv is 
available from a 15,000-kva, 33/4-kv 
transformer, which is normally used to 
supply a portion of the 4-kv local load. 
Twelve and 33 kv is available from either 
of two 60,000-kva 66/33-12-kv trans- 
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figure 3 (above), lime in minutes for motor field windings to reach 
a total temperature of 125 degrees centigrade under various values of 

impressed voltage 

formers which normally carry the local 
12- and 33-kv load requirements. This 
arrangement affords great flexibility as to 
melting potential and source. 

Phase-Shift Method 

Use of the phase-shift or out-of-phase 
method of melting ice from the company’s 
transmission lines has become quite 
popular because it can be used without 
interferring with service to the lines gen¬ 
erally. Essentially this method consists 
of changing the connections on a bank of 
transformers by means of disconnects to 
create a phase angle difference between it 
and other standard connected trans¬ 
former banks. Circulating current can 
then be caused to flow over a transmission 
line connecting the standard bank and 
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Figure 5. 60 degree phase-shift transformer bank connections 

Solid lines—normal connections 
Dotted lines—60-degree phase shift 


show the relation between the standard 
connected bank and the phase-shifted 
bank. The out-of-phase voltage im¬ 
pressed on a transmission line connecting 
a 60-degree phase shifted bank and a 
standard bank is equal to the phase to 
neutral secondary voltage of the trans¬ 
former bank. For a 33-kv system, this is 
approximately 19 kv. 

Sixty, 120- or 180-degree phase shifts 
are available at the company’s Electric 


Junction Substation for ice melting. One 
hundred twenty-degree shift with respect 
to Waukegan Station 33-kv system is ac¬ 
complished at Electric Junction by a roll 
in the 33-kv cable connecting a standard 
132/33-12-kv transformer bank and the 
132-kv transfer bus to which the Wau¬ 
kegan 132-kv line is switched for ice melt¬ 
ing at 33 kv. The 180-degree departure 
with respect to the Waukegan Station 33- 
kv system is accomplished by use of the 
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Figure 6. One hundred twenty- 
cr 1 80-degree phase shift on 132- 
kv transmission line between 
Waukegan and Electric Junction 
energized at 33 kv for ice melting 
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60-degree double-throw disconnects and 
two rolls in the cable connection between 
the shifted bank and the 132-kv transfer 
bus. The phase angle thus created be¬ 
tween the Electric Junction and Wau¬ 
kegan 33-kv systems causes circulating 
current to flow over the 132-kv line con¬ 
necting the two systems. 


TO ELGIN 


Figure 6 shows current values for both 
the 120- and 180- degree phase shifts as 
applied on the 62-mile Electric Junction 
Waukegan 132-kv line. 

The 60-degree phase shift is used at 
Electric Junction to melt ice from 33-kv 
lines emanating from that location. This 
is one of several locations where trans¬ 
former banks are similarly equipped to 
melt ice. 

Figure 7 shows an application of the 60- 
degree phase-shift method of removing 
ice from a 41-mile 33-kv transmission line 
combination between Electric Junction 
and Bell wood Substations. Normal serv 
ice to customers supplied from the cir¬ 
cuit is maintained throughout the melting 
operation. 

Use of the 60-degree phase shift on 33- 
kv lines from which customers are sup¬ 
plied has two very important advantages 
over the short-circuit method. The first 
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Figure 7. Sixty- 
degree phase shift 
on 33-kv trans¬ 
mission lines be¬ 
tween Electric 
Junction and 
Bellwood for ice 
melting 


is that service to customers connected to 
the line can be maintained at operatable 
voltage levels while the melting current is 
applied, the minimum voltage level being 
approximately 87 per cent of normal volt¬ 
age. The second advantage in the use of 
this method is the considerable reduction 
in the amount of preparatory line switch¬ 
ing required, reducing the elapsed time 
for removing ice, and permitting a wider 
coverage of melting operations before a 
drop in ambient temperature and in¬ 
creased wind velocities make such opera¬ 
tions more difficult. 

The phase-shift method of ice removal 
from lines unfolds numerous possibilities 
for application to line combinations of like 
voltage. It also makes possible applica¬ 
tion on different voltage circuits placed in 
series for the melting operation. Figure S 
shows such an application on a 33-kv 
transmission line 12-kv feeder loop, one 
end of which is connected to a standard 
transformer bank and the other to a phase 
shifted transformer bank at Waukegan 
Station. This method effectively melts 
ice from the 12-kv feeder. 


Conclusions 

Approximately 95 per cent of the com¬ 
pany’s 3,200 circuit miles of 33-, 66- and 
132-kv transmission lines is covered by 
short-circuit and phase-shift ice-melting 
operations. In order to obtain this 
coverage, installation of special facilities 
was required. It was necessary to check 
the capacity of existing substation equip¬ 
ment to determine its adequacy to carry 
the overload current duty imposed during 



BUS BUS 

the melting operation. Transmission 
lines had to be checked and in some cases 
small size conductors were replaced with 
larger conductors in order to have as uni¬ 
form a conductor size as possible through¬ 
out the line to prevent excessive heating 
in the smaller size sections. Short-cir¬ 
cuiting switches were installed on the 
lines at locations where previously it was 
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Figure 8. Sixty- 
degree phase shift 
on 33-kv trans¬ 
mission lines and 
12-kv feeder 
loop for ice 
melting 


necessary to have short-circuiting junipers 
installed. 

These modern methods of ice melting 
would be difficult to use without the radio 
system of communication. Previous de¬ 
lays in reports from observers stationed 
along the transmission line during melt¬ 
ing operations relative to degree of ice re¬ 


132 KV 
BUS 

moval have been overcome by use of radio 
communication. As a result, melting cur¬ 
rent is immediately removed when the 
line is clear of ice thus minimizing the 
possibility of equipment damage from 
overheating. 


While great progress in this activity 
has been made, many problems still re¬ 
main to be solved, such as adequate phase- 
to-phase relay coverage for lines placed in 
series for combination melting, and the 
failure of disconnects and air-break 
switches to function properly when 
covered with ice. Infrared heat lamps are 
now being installed in some locations so 
as to keep the important switches clear 
of ice. 

Consideration has been given to the 
prevention and removal of ice formation 
on transmission line static wires which 
do not lend themselves to any of the regu¬ 
lar ice-melting methods. As a step in 
this direction, facilities have been in¬ 
stalled for current application on the 
static wires of the river crossing lines at 
station 9, Joliet. For this purpose 240- 
or 480-volt potential is provided from a 
distribution feeder. 

The challenge of ice formation on 
transmission lines has been accepted by 
the company and progress has been made 
in combating the problem. The challenge 
still remains, however, and it is essential 
that continued ingenuity be exercised in 
the development of new methods to fur¬ 
ther expedite the removal of ice and safe¬ 
guard service to customers. 
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Tables of Binomial Probability 
Distribution to Six Decimal Places 

AIEE COMMITTEE REPORT 


T HESE tables of binomial probability 
distribution were prepared for use in 
calculating reserve requirements in electric 
power systems and the outage rates p 
were selected for that purpose. The 
tables are for groups of m units where m 
varies from 2 to 65 and for outage rates p 
as follows: 

1. from 0.0050 to 0.0110 in steps of 0.001 
2. from 0.0125 to 0.0200 in steps of 0,0025 
3. 0.0220 

4. from 0.0250 to 0,0400 in steps of 0.0050 
5. from 0.0500 to 0.0600 in steps of 0.0100 

For the complete range of p from 0.00 
to 1.00 at intervals of 0.01 and for m from 
2 to 50 reference should be made to the 
7-place tables published by the United 
vStates Bureau of Standards in 1950. 1 
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The method of reserve determination 
by probability methods proceeds from the 
assumption that forced outage of generat¬ 
ing units are random events independent 
of one another. Then in a very long 
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elapsed time period the fraction of totai 
elapsed time that forced outage of any 
given number of units exists or the prob¬ 
ability that at any given time forced out¬ 
age of any given number of units will be 
found to exist can be obtained from the 
well-known binomial expansion. If the 
outage rate or the probability that forced 
outage of one given unit exists at any 
given time is p, then (1 ~~P)—Q. is the 
probability that forced outage of the unit 
will not exist, and the successive terms of 
the binomial expansion 

( q 4 - p )« = qn + Ci m q m ~ l p + C 2 m q m ~ 2 p 2 + 

...■+Cn m q m - n P n +---+P m 

give the probabilities of having 0 , 1 , 2 ,..., 
n, ..., m generating units out of service 
simultaneously from a total of m units of 
which (m — n) are operating and n are out 
of service because of forced outage. 
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PROBABILITY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP a UNITS WHEN THE OUTAGE RATE IS p ; 0.0070 
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PROBABILITY IK MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p * 0.0080 
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PROBABILITY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OF a UNITS WHEN THE OUTAGE RATE IS p * O.OIOO 
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PROBABILITY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP a UNITS WHEN THE OUTAGE RATE IS p : 0.C150 
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PROBABILITY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p = 0.0175 
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PROBABILITY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p = 0.0200 
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PROBABILITY IN MILLIONTHS THAT n .UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p : 0.0220 
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PROBABILITY IN IGLLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
FROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p z 0.0J50 
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P.ROBABILTY IN MILLIONTHS THAT n UNITS WOULD BE OUT SIMULTANEOUSLY 
PROM GROUPS OP m UNITS WHEN THE OUTAGE RATE IS p = 0.0)50 
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Forty-Two Years* Experience Combating 

Sleet Accumulations 


of the crossarms varied to obtain hori¬ 
zontal offsets of 4 feet between the top and 
middle conductors and 3 feet between the 
middle and bottom conductors. This is 
shown in Figure 3. More strain towers 
also were used, the maximum number of 
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S LEET has been of much concern to 
the Pennsylvania Water and Power 
Company since the first transmission 
line was placed in service in 1910. This 
paper describes basic methods used to 
avoid circuit outages and damage from 
sleet. The historical development of the 
methods is outlined along with the reasons 
for the several steps therein. 

The word “sleet” is used to cover all the 
weather phenomena which may cause de¬ 
posits on transmission lines such as ice, 
glaze, wet snow, freezing rain, and sleet. 

Damage caused by sleet may be elec¬ 
trical or mechanical, or both. The fac¬ 
tors involved are unequal loading and un¬ 
loading of conductors, dancing conduc¬ 
tors, and mechanical failure. 

The Transmission System 

The high-voltage transmission system 
owned and operated by Pennsylvania 
Water and Power Company is used for 
bulk power transmission and regional in¬ 
terconnections as indicated in Figure 1. 
Power generated at the Holtwood and 
Safe Harbor Hydro Stations and at the 
Holtwood Steam Station is delivered to 
other power companies and to the Penn¬ 
sylvania Railroad. 

About one-half of the approximately 
600 circuit miles which comprise this sys¬ 
tem is located in Pennsylvania and the 
other half in Maryland. Sleet storms are 
prevalent over the area. The average 
daily mean temperature from November 
15 to March 31 is 36 degrees Fahrenheit. 
Sleet-melting operations are required on 
400 circuit miles of this system. All lines 
are constructed on steel towers and the 
circuits operate at 66, 132, and 220 kv. 

Historical Development 

As experience was gained and as the 
system expanded, methods were de¬ 
veloped to combat sleet, as described 

here. 

Double-Circuit 66-Kv 25-Cycle Lines 

The first Hne was put in service in 
October 1910 between the Holtwood 
Hydro Station and Baltimore. This is a 
double-circuit 66-kv 25-cycle line using 


300,000-circular-mil all-aluminum con¬ 
ductor spaced 7 feet apart in a vertical 
plane, as shown in Figure 2. The first 
sleet trouble occurred only 1 month later 
during a heavy wet snowstorm. Tests in¬ 
dicated that both circuits were short-cir¬ 
cuited. However, when the storm cleared 
they were returned to service without re¬ 
pairs. 

Some interesting mechanical tests 1 
were carried out in 1913. A conductor on 
one span of seven between strain towers 
was loaded with weights to simulate 1/2- 
inch ice loading, and the change in sag 
and the deflection of intermediate sus¬ 
pension insulators between the strain 
points were measured. The sag increased 
15 feet when the third span from a strain 
tower was so loaded. It can be seen 
readily that with vertical configuration 
such unequal loading on a top or middle 
conductor would result in contact with an 
unloaded lower conductor. Cases were 
observed at a later date where frozen 
snow had accumulated unevenly on the 
conductors causing the middle conductor 
to sag below the lower conductor. 

Also, tests were made in 1913 and 
1914 on 300,000-circular-mil all-aluminum 
conductor which determined that a cur¬ 
rent of 300 amperes would prevent ac¬ 
cumulation of sleet effectively on this 
cable when the temperature was not lower 
than —3 degrees centigrade, and wind 
velocity was approximately 2 miles per 
hour. With lower temperatures and 
higher wind velocities ice did accumulate, 
although at a much slower rate than on 
idle unheated conductors. 

Sleet trouble again occurred in February 
1914. By this time, the Holtwood hydro¬ 
generating capacity had increased and 
efforts were made to prevent sleet ac¬ 
cumulation on the line conductors ‘by 
loading the circuits with commercial load 
and by operating with customer synchro¬ 
nous equipment underexcited and the 
Holtwood generators overexcited. 

In August 1914, one circuit of the 
second line on the same right-of-way was 
placed in sendee. As a result of the 
mechanical tests already referred to, and 
observations during actual sleet storms, 
the vertical spacing of the conductors was 
increased from 7 to 9 feet, and the lengths 


spans between such towers being five. 

After sleet troubles which involved all 
three circuits to Baltimore in December 
1914, methods were developed to heat the 
circuits to prevent sleet formation, de¬ 
pending upon system load conditions. 
Under light load conditions, the load was 
carried on one circuit and the other two 
circuits removed from service, connected 
in series and heated, as indicated in Figure 
7. 

If the load became too great for one cir¬ 
cuit, all three were placed in sendee and 
circulating current provided as indicated 
in Figure 8. Five overexcited hydro¬ 
generators operating in parallel were con¬ 
nected to two circuits through their re¬ 
spective transformers. Two separate 
hydrogenerators with open field circuits 
were connected to the third circuit. At 
the Baltimore substation the transformers 
were connected to the 13-kv load bus, but 
were not paralleled on the 66-kv side. 
Sufficient reactive kilovars circulated 
through the line to the generators with 
open field to prevent accumulation of 
sleet. 

To obtain higher values of heating cur¬ 
rent, the next step in the development 
was to operate with two circuits loaded 
and the third circuit on heat run, as in¬ 
dicated in Figure 9. The circuit to be 
heated was short-circuited and grounded 
at the Baltimore Substation and con¬ 
nected by jumpers to the 11-kv side of a 
transformer at Holtwood. The trans¬ 
former then was energized from the 66-kv 
bus. About 350 amperes was obtained 
by this method. 

As a further improvement, a sleet bus 
was installed at Holtwood, as indicated 
in Figure 10. Disconnectors were in¬ 
stalled to connect the circuits to the sleet 
bus and the sleet bus was supplied 
through an oil circuit breaker from the 
main 11-kv bus. The circuit, being 
heated, thus was connected directly to the 
11-kv bus, and the heating current was 
increased to 390 amperes. The sleet bus 
feeder was equipped with overcurrent re- 
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Figure 1. The regional transmission network of the Pennsylvania Water and Power Company and interconnections 
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3rd. Wire 



Arrgt. of tower top from Tower XO 
to Highlandtown 5.5.' 



UKv. Z5~ 

Figure 2. Double-circuit 66-kv 25-cycle 
1910 line. 300,000-circular-mil all-aluminum 

conductor 



Arrgt. of upper cross-arm looking north 
from High land town 55 to 8 miles north . 



NO. 56 HD.-BALTO. LINE 
GGKv.ZS* 

Figure 3. Double-circuit 66-kv 25-cycI 
1914 line. 300,000-circular-mil all-aluminur 

conductor 



Ot/iervise same as t/a./3 &/4 Hd-Cr Line 

NO. II 8.12 HD.-YORK LINE 
NO. 15 & 16 LINE HD.-LEHMAN FARM 


SECTION * * * 

NO. 110517 & 110518 BALTO.-GPDR. LINE 



66 Ky. 60" 


Figure 4. Double-circuit 66-kv 60-cycle 
1923 and 1925 lines. 2/0 copper conductor 


lays to remove faulted circuits from the 
system. The bus greatly facilitated the 
application of the heating current. 

The fourth Baltimore circuit was com¬ 
pleted on the second tower line in Novem¬ 
ber 1917, using the same construction 
used for the third circuit, experience hav¬ 
ing shown this to be less susceptible to 
sleet trouble than the original line. This 
circuit also was provided with discon¬ 
nectors to connect it to the sleet bus. The 
same method was followed for heating 
four circuits as for three, except that 
while two circuits were loaded and the 
third heated the fourth was left idle. 
After being on heat run, the circuit was 
returned to service, one of the loaded cir¬ 


cuits removed from service to remain 
idle, and the former idle circuit heated 
next. 

Efforts to load the circuits in service 
with commercial load and reactive kilo- 
vars were abandoned in 1920 because in¬ 
creased 25-cycle system load limited the 
availability of kilovars for this purpose. 

Recognizing the possibility of interrup¬ 
tion of communications between stations 
during sleet storms, a schedule was es¬ 
tablished in 1920 for applying heating 
current in a regular sequence without 
telephone communication. This was so 
successful that the schedules have been 
continued, although alternate; and re¬ 
liable communications are now available. 


These schedules and the sleet bus 
speeded up the application of the heating 
current and, together with the higher and 
more effective current, made it possible 
to melt the sleet from the conductor rather 
than merely prevent it from forming. 

These procedures were successful on the 
four 25-cycle 66-kv circuits until 1932 
when failures occurred on three of them, 
and several automatic relay operations 
occurred on the fourth. Since this ex¬ 
perience, a separate generator operating 
at a higher voltage has been used to sup¬ 
ply a heating current of 425 amperes. 
Current is increased further to 450 am¬ 
peres whenever difficulty in melting sleet 
is experienced because of low temperature 
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NO. 2303 S.H. - RVD. LINE 
ZZ0Kv.60~ 

Figure 5. Single-circuit 220-kv 60-cycle 1931 and 1937 lines. 795,000-circular-mil steel- 

reinforced aluminum-cable conductor 


or high wind velocity. The sleet bus 
feeder relay protection was increased by 
the use of improved type overcurrent re¬ 
lays and by the addition of a current 
balance relay. 

Since 1932 there have been four occa¬ 
sions when circuit failures occurred. In 
each’case, the circuit failed before heat 
runs were started. Three of these failures 
occurred during storms when conductors 
were reported clear of sleet at points under 
observation. The fourth occurred during 
an unusual wind and snow storm of such 
short duration that heat runs could not 
have been started. It is interesting to 
note that following one of these storms a 
small deposit of frozen snow and ice was 
left unevenly on portions of two of the 
circuits and could not be melted with 450 


amperes because of low temperature and 
high wind velocity. Since the generator 
was operating near the maximum voltage 
limit, higher current was obtained by 
short-circuiting the circuit on a line tower 
and heating only part of it, including the 
portions on which the sleet was present. 

Double-Circuit 66-Kv 60-Cycle Lines 

In 1923, double-circuit 66-kv 60-cycle 
lines were built from Holtwood to York 
and from Holtwood to Coatesville, and in 
1925 from Holtwood to Lancaster. These 
lines use 2/0 copper conductors with a 
vertical spacing of 10 feet, and with the 
middle crossarm longer than the top and 
bottom arms, as indicated in Figure 4, to 
provide an offset of 3 l / 2 feet. 

Sleet-melting facilities on the first two 


of these lines initially consisted of a sleet 
bus with associated disconnectors on each 
circuit. Heating current was supplied 
by a 60-cycle generator and a value of 340 
amperes was used. Trouble developed on 
these lines during a severe sleet storm in 
February 1927, with minimum tempera¬ 
tures in some locations of —3.5 degrees 
centigrade. The circuits tripped while 
being heated at 370 amperes and also im¬ 
mediately after being returned to service 
following a heat run. Observations made 
during this storm verified that the current 
being used was insufficient to remove the 
sleet accumulation effectively at all points 
along the line in the normal 40-minute 
heating period during a storm of this na¬ 
ture. The solution was to increase the 
current or the time. Since there were 
four circuits to be heated from one sleet 
bus, increasing the time was undesirable 
as this would allow an increased accumu¬ 
lation of sleet on the three circuits in serv¬ 
ice with added possibility of failure. 
Furthermore, due to the length of the 
lines, the 60-cycle generator used to sup¬ 
ply the heating current was operating up 
to its maximum voltage limit. Taking 
advantage of the lower line reactance at 
25 cycles, facilities were provided in the 
fall of 1927 whereby a separate 25-cycle 
generator could be connected to the sleet 
bus to provide higher heating current. A 
value of 400 amperes was used then. 

Initially the sleet bus was equipped 
with overcurrent relays. A current bal¬ 
ance relay was added later. 

Trouble was again experienced on one 
of these lines in March 1932 during the 
storm previously mentioned when dis¬ 
cussing the failures of the Baltimore cir¬ 
cuits. The phenomenon of dancing con¬ 
ductors was observed at several locations 
and was undoubtedly a contributing 
factor to the failure. Since that time, the 
heating current has been increased to 450 
amperes for 2/0 copper conductors. 
When difficulty is encountered in melting 
sleet due to low temperature or high wind 
velocity, the heating current is further in¬ 
creased to approximately 500 amperes, 
the limit being dictated by the voltage 
limitation on the generating equipment 
used to supply the heating current. 

These methods have been successful to 
date. There has been only one case of 
sleet trouble since 1932 and this occurred 
before the heat runs were started. 

No conductor failures have occurred on 
the Lancaster line. However, during the 
March 1932 storm, one of the circuits re¬ 
layed three times within 4 minutes due 
to dancing conductors. Later investiga¬ 
tion revealed that three short circuits be¬ 
tween top and middle conductors had 
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Figure 6. Four-circuit 132-kv 25-cycle 1934 line. 397,500-circular-mil steel-reinforced 

aluminum-cable conductor 


occurred in one span. High-speed direc¬ 
tional distance relays prevented a burn- 
down. 

A 10-mile-long line utilizing the same 
design, except with shorter spans and with 
practically all spans in strain, was placed 
in service in March 1925. No sleet 
trouble has been experienced, although 
the conductors are not heated during sleet 
storms. It is of interest to note that this 
line is on the right-of-w r ay with the Balti¬ 
more end of the two 66-kv 25-cycle lines 
shown in Figures 2 and 3, and crosses 
known trouble spots where the older lines 
have since failed. 

When the Safe Harbor Hydro Station 
was constructed, the Holtwood-Lancaster 
2/0 conductor circuits were tapped nearby 
and extended to Safe Harbor with 4/0 
conductor. Since sleet-melting facilities 
were not provided for this 4/0 section ol 
line, only strain towers were used. Other¬ 
wise, the design is similar to that shown 
in Figure 4. No sleet trouble has been 
experienced on this line during its 20 
years’ operation. 

Single-Circuit 220-Kv 60 -Cycle Lines 

With the construction of the Safe 
Harbor Hydro Station, the first 220-kv 
line was built to Baltimore in 1931, and 
tapped and extended to Washington in 
1933. The tower used is shown in Figure 
5. The conductor is 795,000-circufar-mil 
steel-reinforced aluminum cable. The 
second line to Baltimore was built in 1937 
using the same design. The basic struc¬ 
tural design is for 1/2 inch ice, 8 pounds 
wind, 0 degrees centigrade, with another 
design requirement of 1 inch ice and no 
wind. No facilities are provided to melt 
sleet and to date no sleet trouble has been 
experienced on these lines. 

A new 220-kv line is under construction 
from Safe Harbor to the Harrisburg area 
which will be of the same general design. 

Four-Circuit 132-Kv 25 -Cycle Single- 

Phase Line 

In October, 1934, a line with four single¬ 
phase 132-kv circuits was placed in serv¬ 
ice from Safe Harbor to Perryville to 
supply the Pennsylvania Railroad. Figure 
6 shows the tower arrangement. The 
conductors are 397,500-circular-mil steel- 
reinforced aluminum cable. * The two 
conductors of the same circuit have a ver¬ 
tical separation of 16 feet 3 inches and a 
horizontal offset of 5 feet 10 inches for the 
two outside circuits and 4V 2 feet for the 
two inside circuits. Initially, no sleet¬ 
melting facilities were provided for these 
circuits. 

During a wet snow storm in February 
1936, trouble was experienced from danc¬ 


ing conductors. Relay action occurred on 
three of the four circuits. One circuit 
tested bad and was found with both con¬ 
ductors burned down. Burn marks were 
found on both conductors of one of the 
other circuits. 

After this experience, sleet-melting 
facilities were provided for these circuits. 
These facilities include a relay-protected 
sleet bus supplied through an automatic 
oil circuit breaker, and gang-operated 
sleet disconnectors for each circuit. Nor¬ 
mally, two circuits are heated simultane¬ 
ously with 600 amperes per circuit for 60 
minutes. No further trouble has oc¬ 
curred. 

Short double-circuit taps to these cir¬ 
cuits were built in 1937, using horizontal 
conductor configuration construction 
similar to that indicated in Figure 6, ex¬ 
cept that the four top conductors are 


omitted. No facilities are provided to 
melt sleet on these taps, and no trouble 
has been experienced. 

Preventive Maintenance and Repairs 

A maintenance organization and pro¬ 
gram have been developed with particular 
emphasis on the prevention of trouble and 
the prompt restoration of service in the 
event of circuit failure. This development 
has been greatly influenced by .sleet. 
Since there is no distribution system, 
there is a comparatively small force of 
linemen. However, they are highly 
skilled in the location and repair of both 
minor and major damage to steel tower 
transmission lines. Rather than operate 
from a centralized headquarters, it is ad¬ 
vantageous to continue the original prac¬ 
tice of having these men scattered along 
the lines, chiefly because of sleet. Each 
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partrolman is responsible for an average of 
approximately 30 circuit miles of line and 
has the necessary material and tools for 
minor repairs. A heavy line truck is kept 
in readiness at the line headquarters, 
loaded with the necessary material and 
tools to repair any line. Tractors with 
snow plows are normally kept at two 
strategic points during the winter. 

Circuits are patrolled immediately fol¬ 
lowing every temporary outage and every 
effort is made to determine the cause, with 
a high degree of success. In addition, 
patrols and close inspections are made 
regularly. All damages found are re¬ 
paired promptly. Surge crest ammeter 
links have been useful in locating flash- 
overs from lightning and lightning burns 
on overhead shielding or ground wires. A 
fault locator 2 was developed in 1935 and 
has been valuable in the prompt location 
of circuit failures. 

Of particular importance in the preven¬ 
tion of trouble during sleet conditions is 
the location and repair of broken strands 
of the conductors and ground wires. 
These broken strands may result from 
lightning and other flashovers and from 
rifle bullets, and usually can be seen by an 
experienced patrolman. If not repaired, 
the weakened cable may fail during ice 
and low temperature conditions when the 
tension increases. Fatigue failures of 
strands have not been experienced since 
the practice of using comparatively low 
stringing tensions is followed. 

Over the years weak points in design 
have been corrected, tending to reduce 
trouble during sleet storms. As an illus¬ 
tration, one such point is cited. After a 


case of trouble, the original twisted sleeve 
joints used on the 300,000-circular-mil 
conductors were reinforced in 1927 by in¬ 
stalling a compression joint at each end of 
the sleeve. These joints were installed 
without cutting the conductor in a manner 
similar to the conventional strand repair 
sleeve in use today. Since that time only 
compression joints have been used on 
aluminum, and no further trouble has 
been experienced. 

Trees adjacent to the line are removed 
or topped before they reach sufficient 
height to endanger the line during sleet or 
wind storms. The right-of-way is kept 
cleared and in first-class condition, which 
facilitates travel for sleet observation, as 
discussed now, and greatly facilitates re¬ 
pairs in the event of circuit failure. The 
same applies to trails and access roads. 

Present Method of Combating Sleet 

The foregoing historical development 
culminated in our present method of com¬ 
bating sleet accumulations. This con¬ 
sists of 

1. forecasting the appearance of sleet for¬ 
mations; 

2. detecting accumulations on conductors; 
and 

3. applying heating current to the conduc¬ 
tors to remove the sleet. 

Sleet Forecasting 

First, it is necessary to forecast sleet in 
so far as this is possible. This is highly 
important because time is required to set 


—JUMPERS 

Method of melting sleet, 1916 

up system operating conditions which 
will permit heat runs, such as paralleling 
additional capacity to release generators 
for the supply of heating current, return¬ 
ing equipment to service which otherwise 
would hamper the making of heat runs, 
and the alerting of personnel to handle 
the extra work and to man observation 
posts. The alert is in the form of a 4-hour 
sleet warning, which is issued by operat¬ 
ing personnel and indicates that sleet for¬ 
mation can appear within the next 4 
hours. This warning is based on United 
States Weather Bureau forecasts received 
by telephone and teletype, airway weather 
conditions for the area received by .short¬ 
wave radio, and weather observations on 
neighboring utility systems as well as on 
our own. Lack of such a warning system 
in th^ past has resulted in a circuit failure 
being the first indication of sleet forma¬ 
tion. 

Sleet Detection and Observation 

The second step, which is also very im¬ 
portant, is the actual detection by visual 
observation of sleet formation and ac¬ 
cumulation on the line conductors. The 
station personnel at the line terminals and 
the patrolmen at observation posts along 
the line provide one observer per 7 miles 
of line right-of-way. Patrolmen are pro¬ 
vided with mobile radio-equipped half¬ 
ton trucks and visit known trouble spots 
at points remote from their posts. Ob¬ 
servations and reports are made covering 
temperature, wind conditions, precipita¬ 
tion, and slee" formation on trees, fences. 
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towers, conductors, and test cables. The 
test cable Is weighed to determine the 
sleet accumulation on it. Patrolmen 
climb towers to permit close observation 
of conductors, and also to obtain tem¬ 
perature at conductor height, which may 
be significantly different from the tem¬ 
perature near the ground. 

Earlier mention has been made of cir¬ 
cuit failures caused by sleet formations 
in a relatively narrow band between ob¬ 
servation points, usually resulting from 
differences In elevation. Residents along 
the lines have been recruited as weather 
observers. 3 * 4 They are equipped with ac¬ 
curate thermometers and instructed as to 
the collection and reporting of the desired 
information. They may call the station 
operator or local patrolman and report 
their observations, or be called for reports 
at any time. Usually, they are called by 
the local patrolman. Incidentally, these 
observers, as well as other residents along 
the lines, also report any unusual condi¬ 
tions such as flashovers and line failures 
during sleet storms, or at any other time. 

Mobile radio has been of great assist¬ 
ance in that it enables the patrolman to 
make prompt reports directly from the ob¬ 
servation points. Many more observa¬ 
tions can be made since no time is lost 
traveling to a telephone or waiting for the 
completion of land line calls which are 
often abnormally slow and unreliable 
from rural areas during sleet storms. Also, 
the operators are practically in continuous 
communication with the patrolman and 
can request additional reports at any 
time, including information as to the 
effectiveness of the sleet melting. The 
mobile radio is also valuable in the event 
travel difficulties are encountered. 

An effort has been made to detect sleet 
formation by observing the value of re¬ 
ceived carrier signal on the line. How¬ 
ever, we have been unable to correlate the 
carrier signal with visual observations of 
sleet formation since fog and mist will 
cause a change in the attenuation of the 
carrier signal when no sleet formation is 
present. 

Application of Heating Current 

The patrolman’s observations, and ob¬ 
servations collected by him from residents 
along the line, are reported by radio or 


telephone to the station operator having 
jurisdiction of the line. The operator 
analyzes these data together with other 
weather data available to him and, based 
largely on experience, decides when heat¬ 
ing current should be applied to a circuit. 
Influencing the operator in this decision 
are thickness of sleet on conductors, rate 
of precipitation, velocity and direction of 
wind, temperature, temperature trend, 
and so forth. It is our practice to start 
heating circuits on which relatively thin 
sleet formations are present when the 
other factors are adverse. 

Experience has shown that it is not ad¬ 
visable to delay heating circuits during 
what appears to be a protracted sleet 
storm. One hour is required for the 
switching and heating of one circuit. 
It has been found that with the heating 
current available and for our area, one 
sleet bus is needed for each four circuits, 
that is, each circuit is heated once every 
4 hours. Half of the circuits can be heated 
once each 2 hours by heating two circuits 
at the same time. 

With a fast rate of sleet accumulation, 
it is important that we start heating cir¬ 
cuits promptly and follow the heating se¬ 
quence as rapidly as possible. It is neces¬ 
sary to keep abreast of the situation at all 
times. We cannot fall behind in our ef¬ 
forts without hazard to service. 

Heating Current Values 

Hydrogenerators and frequency 
changers are used to supply the heating 
current. Table I shows the normal 
values of heating current and pertinent 
conductor data. It should be noted that 
copper requires approximately twice the 
watts per square inch as aluminum for a 
given conductor temperature due to the 
difference in radiation. The amount of 
current and the length of time heating 
current is applied may be varied, within 
limits, to suit the vagaries of the sleet 
storm. 

Performance of Transmission System 
Under Sleet Conditions 

Figure 11 shows the performance of the 
transmission system under sleet condi¬ 
tions. By “permanent outage” is meant 
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under sleet conditions, 1910-1952 


3 


LEGEN D 

PERMANENT TEMPORARY 





1 


TOTAL OUTAGES 


□ 


mam 




M. 







I 

m 




that the circuit could not be returned to 
service until repairs were made. Most of 
the storms which caused the outages 
shown have been mentioned previously. 
The performance is considered satisfac¬ 
tory, with the full realization that the 
complete elimination of outages from 
sleet cannot be justified economically, 
particularly on some of the older cir¬ 
cuits. 

We have had no failures of steel towers. 
It is also interesting to note that we have 
never had a failure of an overhead ground 
wire, nor has a ground wire been involved 
in a sleet outage. This is attributed to 
the use of relatively low stringing tensions 
and good preventive maintenance in the 
location and repair of damaged strands. 
We have had no outages caused by trees 
contacting circuits during sleet condi¬ 
tions, which is attributed to good preven¬ 
tive maintenance. 

Conclusions 


Table I. Circuit Heat Run Data for Conductor 5 Degrees Centigrade 


Conductor 


Size and Material 

Number 

Strands 

Amperes 

Watts per 
Square Inch 
Surface 

Minutes 
Heat Is 
Applied 

2/0 copper. 

7 

_450. 

. . .0.728. 

.40 

300.000-circular-mil aluminum. 

_19 _ 

_425. 

. ..0.295. 

.40 

397,500-circular-mil steel-reinforced aluminum cable.. 

_30/7_ 

_600. 

...0.326.... 

.60 


A summary of our experience results in 
the following conclusions: 

1. Adequate line design including me¬ 
chanical strength, conductor spacing, and 
configuration is required. 

2. In our territory, horizontal configura¬ 
tion steel tower lines can be built to be 
highly sleet resistant and to give nearly 
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perfect performance, without sleet melting. 
The savings resulting from absence of ne¬ 
cessity for sleet-melting facilities or for re¬ 
moval from commercial operation to melt 
sleet, should not be overlooked in consider¬ 
ing this type of design. 

3. Methods of combating sleet as de¬ 
scribed herein will provide satisfactory per¬ 
formance on lines which do not have ade¬ 
quate conductor spacing and configuration. 

4. High-speed relaying is essential to limit 
the damage of conductor strands during 
flashover due to 'sleet or other causes, so 
that lines will not burn down. 

5. Adequate preventive maintenance is 
necessary, especially in respect to broken 
strands, danger trees, right-of-way, and 
roads and trails. 


6. Adequate sleet observations and wea¬ 
ther reports are necessary. 

7. Mobile radio communication is essential. 

8. The forecasting and detection of sleet 
accumulations and evaluations of sleet re¬ 
ports involve the human element. In so far 
as this element fails, our procedures are 
less effective. 

9. Sleet busses with gang-operated dis¬ 
connectors are necessary to expedite the 
heat runs. 

10. Higher sleet melting currents are re¬ 
quired when storms are accompanied by 
high winds and very low temperatures. 
These have occurred in our area at about 
10-year intervals. 

11. The economic limit has been reached 


in combating sleet accumulations on our 
system. This is borne out by Figure 11. 
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New Apparatus Bushing with 
Improved Characteristics 


R. N. ANDERSON 

NONMEMBER AIEE 

T HE objective of the skilled bushing 
designer is to obtain improved char¬ 
acteristics while conserving copper and 
other critical materials. Present and pros¬ 
pective future shortages in the supply of 
these materials challenge the designer to 
produce a product of improved quality. 

The objective of combining improved 
performance with saving in materials has 
been accomplished in the redesign of a 
line of liquid-filled bushings in ratings 
of 15 kv through 69 kv. In this redesign, 
the mechanical and electrical reliability of 
the bushings in service has been improved 
and field servicing and repairs have been 
facilitated. Simultaneously, the design 
has been simplified to reduce the size of 
some parts and eliminate others. 

The basic design of the superseded 
bushing was introduced in 1932 and 
marked the first general use of rubber-like 
gaskets in bushings to give a dependable 
pressure-tight seal. Since then nearly all 
bushing designs have been changed from 
the former composition cork gaskets to 
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the use of rubber-like gasket materials. 
The resin-impregnated paper insulator 
around the conductor continues to offer 
the best combination of high dielectric 
strength and high mechanical strength. 
During the period since 1932, the basic 
design has been improved on numerous 
occasions and over 150,000 of these bush¬ 
ings have been placed in service. 

Description and Advantages of the 

New Construction 

On the left of the center line of Figure 1 
is shown the old design while on the right 
of the center line the new design is illus¬ 
trated. This figure shows the reduction 
in over-all length obtained by the new de¬ 
sign. This reduction results in a shorter 
core tube with consequent saving in ma¬ 
terial. 

The decrease in length results mainly 
from the elimination of the cemented-on 
clamping rings which are used in the old 
design to flange-clamp the porcelain to 
the support and top washer. With the old 
construction, it is necessary to exercise 
care in assembling and in mounting the 
bushing since excessive or uneven bolting- 
torque may break the porcelain shell. 
The new design is center-clamped. This 
means that the porcelain is placed in com¬ 
pression, under which stress porcelain has 


the greatest strength. The center clamp¬ 
ing force is exerted by threading the cap 
down against a Belleville spring which is a 
dished circular washer of high-strength 
spring temper alloy. This Belleville 
spring serves as the flexible member be¬ 
tween the center conductor and the bush¬ 
ing shell and also as the top end seal of the 
bushing chamber. Since the mounting 
flange is not connected directly to the por¬ 
celain on the new design, bolting torque 
applied in mounting the bushing to the 
apparatus cannot damage the porcelain 
shell. 

Both the old and the new design are oil- 
filled to insure high internal strength. 
Part of the expansion space for the oil in 
the old design was provided by the cap 
and part in the upper few inches of the 
porcelain shell. In the new design the 
larger internal porcelain diameter makes 
it possible to provide all of the expansion 
space in the upper portion of the shell. 
This method of providing for oil expansion 
allows a reduction in the physical size of 
the metal parts. 

The elimination of the cemented-on 
clamping rings in the new design not only- 
saves the material in the rings but also 
reduces the manufacturing cycle. With 
cemented-on rings a considerable time 
must be allowed so that the cement will 
cure properly before it is placed under 
mechanical stress. 

Aluminum is used extensively in the 
new design to reduce the weight. The 
core tube of all 400-ampere through-cable 
designs is aluminum. In this design the 
tube does not carry current. The sup¬ 
port of the new design is of high-strength 
heat-treated aluminum. The ground 
sleeve for the new bushing is aluminum 
tubing manufactured to close tolerance. 
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Figure 1. Cross-sectional view showing 

bushing 


old and new transformer 


Figure 2. Cross-sectional view showing old and new oil circuit* 

breaker bushing design 
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Figure 3 (left). Center-clamped bushing for 
transformers rated 34.5 kv 


Figure 4 (right). Center-clamped bushing for 
oil circuit breakers rated 25 kv 


Close tolerances in ground sleeve diam¬ 
eters along with accurate machining of 
the Herkolite insulation, and a press and 
shrink fit between these parts, results in a 
strong and permanent bond between the 
ground sleeve and the Herkolite insula¬ 
tion. 

The support of the new design also is 
assembled to the Herkolite insulation and 
to the ground sleeve with a press and 
shrink fit. This construction results in a 
strong mechanical joint, The oil seal be¬ 
tween the support and the Herkolite core 
is obtained by the use of a rubber gasket. 
This gasket is completely confined and 
provides a permanent seal. 

Should a porcelain shell be broken ac¬ 
cidentally, field repairs can be made on 
the new design with considerably less dif¬ 
ficulty than with the old bushing. The 
old bushing had to be removed completely 
from the apparatus for repairs but with 
the new design the mounting flange can 
remain bolted in place during removal of 
the old porcelain and replacement with a 
new one. 

The reduction in weight of the new de¬ 
sign is approximately 20 per cent, most of 
which is critical material. This facilitates 
packing for shipment, handling, and in¬ 
stallation. 

Both the old and new’ design employ an 
embedded conducting equalizer to elimi¬ 
nate the possibility of corona at the 
lower end of the ground sleeve at applied 
voltages up to and including test levels. 


Development Tests of the New 
Design 

Thermal Tests 

On a center clamped bushing, such as 
the new design, proper follow-up on 
gasket seals is essential if the design is to 
remain pressure-tight through the normal 
temperature cycles experienced in serv¬ 
ice. The Belleville washer provides ade¬ 
quate spring follow-up in the new design 
as verified by the following heating and 
cooling tests. 

The center conductor of the bushing 
was heated to 100 degrees centigrade. 
The bushing then was allowed to cool to 
room temperature. These cycles were re¬ 
peated over 100 times without the occur¬ 
rence of oil leakage. 

As an additional test the bushing was 
placed in a cold chamber at —40 degrees 
centigrade for 24 hours. It then was 
heated internally to a temperature of 100 
degrees centigrade for 8 hours. The bush¬ 
ing remained pressure-tight during and 
after the completion of this test. 

Mechanical Tests 

Momentary or maintained imposition 
of an excessive transverse load on the top 
end of the porcelain is of serious conse¬ 
quence because in many bushing designs 
it results in a broken porcelain. The new 
design is stronger against the effects of 
transverse loading than the old design and 
the results of an excessive force are less 
serious. 

The porcelain on the new design is in 
compression. The application of a trans¬ 
verse force on the bushing increases the 
compressive force on one side of the por¬ 
celain and decreases it on the other. If 
the transverse force is severe, oil leakage 
will result but porcelain breakage rarely 
occurs. 

In the new design the center clamping 
force places an axial load on the support 
and ground sleeve. Tests were necessary, 
therefore, to verify that this construction 
would hold the support in position against 
the center clamping force. These tests 
indicate that the force necessary to move 
the support on the Herkolite is several 
times the center clamping force. 

During circuit-breaker interrupting 
tests, which are necessary to prove the 
adequacy of any new design, axial and 
transverse loads are imposed on the bot¬ 
tom end of the bushing. Each rating of 
the new design has taken these tests with¬ 
out incident. The old and new oil cir¬ 
cuit bushings are shown in cross-section in 
Figure 2, to the left and right of the center 
line respectively. 

A special coating is added to the bottom 


insulation of the new circuit-breaker 
bushing to inhibit the deposition of carbon 
particles on this surface. 1 The old design 
required a bottom porcelain and other 
bracing when applied on oil circuit break¬ 
ers. The new design, due to its greater 
mechanical strength, can operate in a cir¬ 
cuit breaker without a bottom porcelain. 
This omission of the bottom porcelain 
facilitates inspection and cleaning of the 
bottom end of the bushing. 

For added strength to withstand the 
axial forces consequent to oil circuit- 
breaker operation the new design has 
Herkolite shoulders at the bottom end of 
the ground sleeve and at the support. 
These two Herkolite shoulders combine to 
give the core assembly an axial strength 
many times that of the center clamping 
force of the bushing. 

The center clamping force subjects the 
bond between the Herkolite core and the 
center conductor to shear. The shear 
strength of this bond is several times 
greater than the force imposed upon it. 
The nut and gasket which seal the lower 
end of the Herkolite to the center con¬ 
ductor further prevent movement of the 
center conductor in the Herkolite core. 

Electrical Tests 

The new design is electrically equiva¬ 
lent to the old design in all ratings and 
complies with all requirements of AIEE 
and National Electrical Manufacturers 
Association Standards. Each rating of 
the new design was subjected to ten 60- 
cycle 1-minute rated withstand tests in¬ 
terspersed by ten 60-cycle fLashovers and 
followed by 30 minutes at the 1-minute 
rated withstand voltage. No rise in 
power factor or other indication of deteri¬ 
oration was noted upon completion of 
these tests. 

Two 34.5-kv bushings have been on life 
test for over 1 year at 175 per cent of their 
rated voltage. Frequent electrical tests 
on these bushings indicate that there have 
been no deleterious effects. 

Summary 

A new line of center-clamped bushings 
for ratings of 15 kv through 69 kv has been 
developed. The new design for trans¬ 
formers is shown in Figure 3 and the new 
design for oil circuit breakers in Figure 
4. 

The new design has been tested thor¬ 
oughly. It has been proven equal elec¬ 
trically and superior mechanically to the 
superseded design. 

Principal features of the new design 
are: 
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1 . Simplified design. 

2. Shorter manufacturing cycle. 

3. Broken porcelain can be replaced easily 
in the field without removing bushing from 
apparatus. 

4. Lighter weight facilitates handling in 
the field. 


5. Rugged construction, attained by plac¬ 
ing porcelain in compression. 

6. Bottom porcelain not required for 
circuit-breaker applications. 

7. Use of less critical material. 

The new design incorporates the time- 
tested good features of the old design, and 


should establish an even more enviable 
record of service to users. 
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A combination of strong winds and heavy 
ice loading is particularly dangerous. 

Both of these storm conditions usually 
start with about the same weather condi¬ 
tions, that is. moderate temperature, 
very little wind, and cold metal surfaces. 
If the storm center passes over quickly, 
heavy winds follow and galloping con¬ 
ductors result. Should the storm center 


E XPERIENCE with sleet conditions 
on the Niagara Mohawk System 
has indicated that adequate planning is 
necessary if satisfactory results are to be 
secured from any sleet-melting program. 
This planning extends from system design 
to operating procedures to training. All 
must be co-ordinated to weather a severe 
storm successfully. 

Included in this planning is close con¬ 
tact with the United States Weather 
Bureau. Bureau personnel should be 
alerted as to power company’s problems 
so that advance warning of critical con¬ 
ditions may be made available. Informa¬ 
tion on possible troublesome areas, dura¬ 
tion of storm period, possible ice accumu¬ 
lation, temperatures, and wind velocities 
will be of great value in arranging the 
melting program. 

The types of storms that cause difficulty 
can in general be placed in two classi¬ 
fications. The first consists of a light 
freezing rain which deposits a thin coating 
of ice on the conductor. This type of 
storm is usually followed by a windy 
period which, together with the change 
in the airfoil shape of the conductor, 
causes the phenomena known as “gal¬ 
loping or jumping conductors.” Gallop¬ 
ing of the conductors causes short circuits 
with subsequent trip outs and in extreme 
cases may cause structural failure of the 


Paper 52-188, recommended by the AIEE Trans¬ 
mission and Distribution Committee and approved 
by the AIEE Technical Program Committee for 
presentation at the AIEE .Summer General Meet¬ 
ing, Minneapolis, Minn., June 23-27, 1952. Manu¬ 
script submitted March 24, 1952; made available 
for printing May 6, 1952. 

H. B. Smith and W. D. Wilder are both with 
Niagara Mohawk Power Corporation, Buffalo, 
N. Y. 


transmission towers. The second type 
of storm is a continuing freezing rain ex¬ 
tended over several hours, which builds 
up a heavy ice load on the conductor. If 
allowed to accumulate the ice load in it¬ 
self may cause tower or conductor failure. 


remain stationary, temperatures may 
drop and heavy ice formations may ac¬ 
cumulate. In any case, however, there is 
usually a period of moderate temperature 
and little wind when sleet preventing or 
melting procedures are most effective. 
Prompt action at this time may save 


Tabic I. Conductor Safe Ampere Limits for Copper 

Maximum Conductor Temperature of 203 Degrees Fahrenheit (95 Degrees Centigrade) 


Air 

Temperature, Conductor Wind Velocity in Miles per Hour 

Degrees Size, -- 


Fahrenheit 

Circular' Mils 

0 

2 

10 

20 

30 

40 

50 

104 

4/0 

411 

526 

788 

936 

1,036 

1,115 

1,180 


250,000 

463 

586 

876 

1,040 

1,153 

1,237 

1.307 


300,000 

527 

653 

979 

1,165 

1,290 

1 .385 

1,465 


350,000 

585 

724 

1,080 

1,280 

1,420 

1,530 

1,610 


400,000 

641 

792 

1,170 

1,395 

1,540 

1.660 

1,750 


500,000 

751 

890 

1,340 

1,585 

1,750 

1,890 

2,000 

90 

4/0 

440 

564 

844 

1,000 

1,110 

1,193 

1,265 


250,000 

494 

628 

940 

1,115 

1,235 

1.325 

1,400 


300,000 

560 

700 

1,048 

1,247 

1,380 

1,480 

1,565 


350,000 

625 

774 

1,155 

1,370 

1.520 

1,630 

1,730 


400,000 

685 

850 

1,250 

1,495 

1,650 ‘ 

1,780 

1,870 


500,000 

800 

950 

1,430 

1,695 

1,875 

2,020 

2,140 

80 

4/0 

459 

590 

884 

1,050 

1,162 

1 ,247 

1,322 


250,000 

516 

658 

982 

1, 167 

1,293 ‘ 

1,385 

1,470 


300,000 

585 

733 

1,097 

1,305 

1,445 

1,550 

1,640 


350,000 

653 

810 

1,210 

1,430 

1,590 

1.710 

1,810 


400,000 

714 

890 

1,310 

1,565 

1,730 

1,860 

1,960 


500,000 

837 

1,000 

1,500 

1,780 

1,965 

2,120 

2,240 

70 

4/0 

481 

612 

915 

1,088 

1,205 

1,295 

1 ,370 


250,000 

540 

681 

1,020 

1,210 

1,340 

1,440 

1,520 


300,000 

614 

758 

1,137 

1,352 

1,497 

1,610 

1,700 


350,000 

683 

840 

1,255 

1,485 

1,645 

1,770 

1,870 


400,000 

750 

920 

1,360 

1,620 

1,790 

1,930 

2,030 


500,000 

875 

1,035 

1,550 

1,840 

2,040 

2,200 

2,320 

60 

4/0 

500 

638 

955 

1 ,135 

1,257 

1,350 

1,430 


250,000 

562 

711 

1,062 

1,262 

1,400 

1,500 

1,590 


300,000 

639 

792 

1,186 

1,410 

1,565 

1,680 

1,770 


350,000 

710 

876 

1,308 

1,550 

1,720 

1,850 

1,950 


400,000 

778 

960 

1,420 

1,690 

1,870 

2,010 

2,220 


500,000 

910 

1,080 

1,620 

1,920 

2,120 

2,290 

2,420 

50 

4/0 

520 

660 

985 

1,173 

1,300 

1,395 

1,480 


250,000 

584 

734 

1,098 

1,305 

1,445 

1,550 

1,640 


300,000 

662 

818 

1,225 

1,460 

1,615 

1,730 

1,830 


350,000 

737 

905 

1,350 

1,600 

1,775 

1,910 

2,020 


400,000 

808 

990 

1,460 

1,750 

1,930 

2,080 

2,190 


500,000 

946 

1,115 

1,675 

1,980 

2,190 

2,370 

2,500 
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Tabic 11. Conductor Safe Ampere Limits for Copper 


Maximum Conductor Temperature of 203 Degrees Fahrenheit (95 Degrees Centigrade) 


Air 

Temperature. 

Degrees 

Fahrenheit 

, Conductor 
Size, 

Circular Mils 



Wind Veto- 

city in Mile 

20 

s per Hour 



0 

2 

10 

30 

40 

50 

40 

4/0 

540 

680 

1,020 

1,210 

1,340 

1,440 

1,525 

250.000 

605 

758 

1,135 

1,345 

1,490 

1,600 

1,690 


300,000 

687 

■ 844 

1,265 

1,505 

1,665 

1,790 

1,890 


350,000 

765 

935 

1,395 

1,650 

1,830 

1,970 

2,090 


400,000 

840 

1 ,020 

1,510 

1,800 

2,000 

2,150 

2,260 


500.000 

982 

1,150 

1,730 

2,050 

2,260 

2,440 

2,585 

30 

4/0 

560 

703 

1,050 

1,250 

1,380 

1,485 

1,572 


250.000 

628 

782 

1,170 

1,390 

1,540 

1,650 

1,750 


300,000 

714 

870 

1,305 

1,553 

1,720 

1,850 

1,950 


350,000 

794 

965 

1,440 

1 ,705 

1,890 

2,030 

2,150 


400,000 

873 

1,050 

1,560 

1,860 

2,060 

2,220 

2,330 


500,000 

1,020 

1,190 

1,780 

2,110 

2,335 

2,520 

2,665 

20 

4 0 

576 

718 

1,075 

1,280 

1,415 

1,520 

1,610 


250,000 

647 

800 

1,195 

1,420 

1,570 

1,685 

1,785 


300,000 

732 

890 

1,335 

1,588 

1,760 

1,890 

1,990 


350.000 

815 

986 

1,470 

1,740 

1,930 

2,080 

2,200 


400,000 

893 

1,080 

1,590 

1,900 

2,100 

2,270 

2,390 


500,000 

1,046 

1,215 

1,820 

2,160 

2,390 

2,580 

2,730 

10 

4/0 

593 

740 

1,105 

1,315 

1,455 

1,560 

1,660 


250,000 

666 

823 

1,230 

1,460 

1,620 

1,740 

1,840 


300,000 

754 

918 

1,375 

1,635 

1,810 

1,940 

2,050 


350,000 

840 

1,015 

1,515 

1,795 

1,990 

2,140 

2,260 


400,000 

922 

1,110 

1,640 

1,960 

2,170 

2,330 

2,460 


500,000 

1,078 

1,250 

1,880 

2,220 

2,460 

2,650 

2,810 

0 

4/0 

610 

755 

1,130 

1,345 

1,490 

1,600 

1,690 


250,000 

684 

841 

1 ,260 

1,490 

1,650 

1,775 

1,880 


300,000 

776 

937 

1,403 

1,670 

1,850 

1,980 

2,100 


350,000 

865 

1,037 

1 ,550 

1,830 

2,030 

2,190 

2,310 


400,000 

947 

1,140 

1,670 

2,000 

2,210 

2,380 

2,510 


500,000 

1 ,108 

1,280 

1,920 

2,270 

2,510 

2,710 

2,870 

Table HI. Sleet-Preventing Amperes for Copper 


Conductor Temperature Raised to 34 Degrees Fahrenheit 


Air 

Temperature, 

Degrees 

Fahrenheit 

Conductor 

Ct nr p. 

Circular Mils 


Wind Velocity in Miles per Hour 


2 

10 

20 

30 

40 

50 

3© 

4/0 

106 

159 

189 

209 

225 

238 


250,000 

118 

177 

210 

233 

250 

265 


300,000 

132 

198 

235 

260 

280 

296 


350,000 

146 

218 

258 

286 

308 

326 


400,000 

160 

236 

282 

312 

336 

354 


500,000 

180 

270 

320 

354 

382 

404 

25 

4/0 

160 

239 

284 

314 

338 

358 


250,000 

178 

266 

315 

350 

375 

397 


300,000 

198 

297 

353 

391 

419 

443 


350,000 

219 

327 

387 

429 

462 

489 


400,000 

240 

354 

423 

468 

504 

531 


500,000 

270 

405 

480 

531 

573 

606 

20 

4/0 

199 

298 

353 

391 

421 

445 


250,000 

222 

331 

393 

436 

468 

495 


300,000 

247 

370 

440 

487 

522 

553 


350,000 

273 

408 

483 

536 

576 

610 


400,000 

300 

442 

528 

584 

628 

662 


500,000 

337 

505 

598 

662 

715 

756 

15 

4/0 

232 

347 

412 

457 

490 

520 


250,000 

259 

386 

458 

508 

545 

577 


300,000 

288 

430 

513 

568 

609 

643 


350,000 

318 

475 

562 

624 

671 

710 


400,000 

349 

514 

614 

680 

732 

771 


500,000 

392 

588 

698 

770 

832 

880 


hours of work later or possibly a system 
calamity. Older melting procedures were 
cumbersome and time consuming so that 
it was often impossible to take advantage 
of the favorable period for sleet preven¬ 
tion or melting. 

Some years ago Niagara Mohawk recog¬ 


nized the shortcomings of the then exist¬ 
ing sleet-melting program and initiated 
studies to improve the situation. Tables 
were to be developed showing required 
sleet preventing or melting currents for 
conductors under varying weather condi¬ 
tions. A-c network analyzer studies fol¬ 


lowed, to determine system setups most 
adaptable for sleet-melting purposes. In 
some cases these studies indicated that 
changes in normal system connections 
would be advantageous. r 

Co-ordination of these studies resulted 
in the following: 

1. The Niagara Mohawk System recog¬ 
nized three principal methods of sleet pre¬ 
vention or sleet melting. 

Load Current Method. The heating 
effect of load currents is used to prevent 
or remove ice on the conductor. Where 
necessary, normal operating conditions 
are modified in order to force more load 
current through a particular circuit or 
circuits. Use of this procedure is empha¬ 
sized since switching is performed at 
manually operated stations, no markups 
are necessary, and a minimum of time is 
required to make the procedure operative. 
Short-on-a-Generator Method. One or 
more generators are isolated from the rest 
of the system and connected to a circuit, 
which has also been isolated. The three 
phases of this isolated circuit are short- 
circuited at the far end. Generator field 
is gradually increased (from a subnormal 
value) to a value sufficient to produce the 
desired melting current. 

Short-on-a-Bus Method. One or more 
transmission circuits are isolated from 
the rest of the system. The total length 
of these transmission circuits is predeter¬ 
mined so that, with normal operating 
voltage applied at one end and a 3-phase 
short circuit established at the far end, 
the desired sleet-melting current will flow. 
Then, having established the 3-phase 
fault, the near end is connected to its 
regular bus (at normal voltage) through 
a circuit breaker. 

2. System connections were changed as 
indicated by the a-c network analyzer 
studies. In one instance a complete auxili¬ 
ary bus was added at a station to facilitate 
sleet melting. The final decision as to design 
of two new 115-kv generating station 
busses was influenced by their adaptability 
for sleet-melting purposes. 

3. Step-by-step instructions and detailed 
drawings were developed for the various 
sleet-melting procedures. 

Sleet-Melting Tables for Overhead 
Electric Power Conductors 

Included in the instructions and ma- 
terial for use by the operating personnel 
are sleet-melting tables for overhead 
electric power conductors. Tables I-VI 
were compiled to facilitate and speed up 
sleet-melting operations on overhead 
electric power conductors. Included are 
tables to determine sleet-melting current, 
sleet-preventing current, and conductor 
safe current limit. 

The data were obtained through the use 
of an alignment chart (nomogram), which 
was developed on the basis of formulae 
presented by D. G. Stewart. 1 
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It is felt that the tables have sufficient 
range to handle all possible weather con¬ 
ditions. To minimize the work involved, 
conductor sizes were limited to six of 
stranded copper and six of steel-reinforced- 
aluminum cable. However, more may be 
added if necessary. Interpolation will 
give results of sufficient accuracy. 

For all practical purposes, melting- 
current amperes to the nearest tens 
digit would have been accurate enough, 
especially in view of the fact that the 
basic data (wind velocity, ice thickness, 
and so forth) cannot be exact. However, 
current values tabulated are as read 
directly from the alignment chart. Ob¬ 
viously in sleet-melting operations these 
exact values should be of no concern. 

The tables are divided into two main 
sections: copper, Tables I—III, and steel- 
reinforced-aluminum cable, Tables IV- 
VI. Tables I and II give conductor safe 
ampere limits and Table III gives sleet¬ 
preventing amperes for all six conductor 
sizes. These three tables show six con¬ 
ductor sizes (4/0, 250,000, 300,000, 350, 
000, 400,000, and 500,000 circular mils). 
Tables IV-VI give the sleet-melting am¬ 
peres for 1/10 inch, 1/4 inch, and 1/2 
inch of ice respectively. The steel-rein- 
forced-aluminum-cable tables contain the 
same material for 336,400-, 397,500-, 
477,000-, 556,500-, 636,000-, and 795,000- 
circular-mil conductors. 

Separate tables are not provided for all¬ 
aluminum conductors. Satisfactory re¬ 
sults may be obtained by using Tables 
IV-VI for some steel-reinforced-alu- 
minum-cable conductors: 

1. For 428,000 circular-mil aluminum, use 

397.500 circular-mil steel-reinforced-alumi- 
num-cable tables. 

2. For 556,500 circular-mil aluminum, use 

556.500 circular-mil steel-reinforced-alumi- 
num-cable tables. 


Table IV. Sleet-Meltins Amperes for 350,000-Circular Mil Cable, 1 /10 Inch Ice 


Temperature, 

Degrees 

Fahrenheit 

Melting 

Time, 

Minutes 


Wind Velocity in Miles per Hour 


2 

10 

20 

30 

40 

50 

30 

10 

500 

510 

520 

530 

535 

540 


20 

360 

375 

395 

400 

410 

415 


30 

310 

325 

345 

355 

360 

370 


40 

265 

290 

310 

315 

325 

335 


50 

245 

265 

290 

300 

310 

320 

25 

10 

530 

575 

605 

625 

645 

660 


20 

400 

460 

500 

520 

545 

560 


30 

355 

420 

460 

485 • 

510 

525 


40 

320 

395 

435 

460 

485 

505 


50 

300 

375 

420 

450 

475 

495 

20 

10 

555 

630 

680 

710 

735 

760 


20 

435 

530 

585 

620 

650 

675 


30 

395 

495 

555 

590 

620 

655 


40 

360 

470 

535 

570 

600 

630 


50 

345 

455 

520 

560 

590 

620 

: 15 

10 

585 

680 

745 

785 

820 

845 

. 'i 

20 

475 

585 

660 

705 

740 

770 


30 

435 

555 

635 

680 

720 

745 


40 

410 

535 

615 

660 

700 

730 


50 

395 

520 

605 

655 

690 

720 


Table V. Sleet-Melting Amperes for 350,000 Circular Mils, 1/4 Inch Ice 

Temperature, 

Degrees 

Fahrenheit 

Melting 

Time, 

Minutes 


Wind Velocity in Miles per Hour 


-r ~—-9 

2 

10 

20 

30 

40 

50 

30 

10 

785 

795 

800 

805 

810 

815 


20 

565 

580 

585 

595 

600 

605 


30 

460 

480 

485 

500 

505 

510 


40 

400 

420 

430 

440 

450 

455 


50 

360 

385 

395 

410 

415 

420 

25 

10 

805 

840 

860 

875 

885 

895 


20 

595 

640 

665 

685 

700 

715 


30 

500 

550 

580 

600 

620 

635 


40 

440 

500 

535 

555 

575 

590 


50 

410 

470 

505 

525 

550 

565 

20 

10 

830 

880 

915 

940 

960 

975 


20 

625 

690 

735 

765 

790 

805 


30 

535 

610 

660 

690 

720 

740 


40 

480 

565 

615 

655 

680 

700 


50 

450 

540 

590 

630 

655 

680 

15 

10 

850 

920 

970 

1,000 

1 ,020 

1,045 


20 

655 

740 

800 

835 

865 

890 


30 

565 

665 

730 

770 

800 

830 


40 

515 

625 

695 

735 

765 

795 


50 

485 

600 

670 

715 

745 

780 


In determining sleet-melting or sleet¬ 
preventing currents, the largest conductor 
in any one circuit governs. However, in 
determining the safe ampere limit for a 
circuit, the smallest conductor in the cir¬ 
cuit governs. Therefore, since in the 
Niagara Mohawk System there are some 
circuits containing 4/0 steel-reinforced- 
aluminum-cable conductor in series with 
larger conductors, 4/0 steel-reinforced- 
aluminum cable has been included only in 
the safe ampere limit tables. 

In determining the safe ampere limit 
for any circuit, it must be kept in mind 
that the tables herein are for the conduc¬ 
tor only. The safe ampere limit for ter¬ 
minal equipment should be checked also 
by referring to local operating bulletins. 2 

Since Tables I-VI were intended for use 
in sleet prevention as well as sleet melting, 


Table VI. Sleet-Meltins Amperes for 350,000 Circular Mils, 1/2 Inch Ice 


Temperature, 

Degrees 

Fahrenheit 

Melting 

Time, 

Minutes 


Wind Velocity in Miles per Hour 


2 

10 

20 

30 

40 

50 

30 

10 

1,095 

1,100 

1,105 

1,110 

1,110 

1,115 


20 

780 

790 

795 

800 

805 

805 


30 

640 

650 

660 

665 

665 

670 


40 

560 

570 

580 

580 

590 

595 


50 

505 

515 

530 

535 

540 

545 

25 

10 

1,110 

1,135 

1,150 

1,160 

1,170 

1,175 


20 

805 

835 

855 

870 

880 

890 


30 

665 

705 

730 

745 

760 

765 


40 

590 

63 5 

665 

680 

695 

700 


50 

540 

58 5 

615 

635 

650 

660 

20 

10 

1,130 

1,170 

1,195 

1,210 

1,225 

1,235 


20 

&3G 

885 

920 

935 

955 

965 



693 

760 

800 

825 

845 

855 


0 

625 

695 

740 

760 

785 

795 



575 

655 

695 

720 

745 

760 

15 


1,150 

1,205 

1,240 

1,260 

1,275 

1.290 

, 


855 

925 

975 

1,000 

1,020 

1,030 


IP 

725 

810 

865 

890 

915 

930 


0 

660 

750 

805 

835 

860 

880 


0 

610 

710 

770 

SOO 

825 

845 


x 
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operating personnel were given the fol¬ 
lowing information. 

1. Sleet prevention. Conductors main¬ 
tained at a temperature slightly above 
freezing will not accumulate ice. The cur¬ 
rent necessary will depend on 

Air temperature 

Wind velocity 

Conductor cross section and conductivity 
Table III indicates these currents. 

2. Sleet melting. Once ice has formed on 
the conductors it is' necessary to go to sleet¬ 
melting currents, which, obviously, will be 
greater than sleet-preventing currents. The 
required current depends on 

Thickness of ice formation 

Air temperatures 

Wind velocity 

Amount of time available to remove the 

ice 

Conductor cross section and conductivity 

By means of Tables IV-VI the proper cur¬ 
rent can be determined quickly. 

A comparison of any two corresponding 
sleet-preventing and sleet-melting cur¬ 
rents, that is, before and after ice has 
formed, will emphasize the importance of 
acting before conditions become un¬ 
favorable. 


For example, Table III indicates that 
with a 30-degree temperature and 2-mile 
wind only 146 amperes flowing through a 
350,000-circular-mil copper conductor will 
prevent sleet accumulation on the con¬ 
ductor. Tables IV and VI point out that 
once ice has formed and the usual un¬ 
favorable weather conditions develop, 
much heavier melting currents are re¬ 
quired depending on the ice thickness, air 
temperature, wind velocity, and time re¬ 
quired to move the ice. Typical examples 
are: 


Air 

Wind 


Tempera- 

Ice Velocity, Melting 

Current 

ture, 

Thickness, Miles ,Time, 

Required, 

Degrees 

Inches per Hour Minutes 

Amperes 


Sleet Prevention 


30.... 

... 0 . 2. 

...146 


Sleet Melting 


30.... 

i * *•0 «!»•♦•.* • 2 • * • » « > , 5 0»* > > 

...245 

25.... 

...0.1 . 10.30 .... 

.. .420 

20. .. 

....0.5 . 20.30 ... . 

...800 


As much of this program was new, it 


seemed desirable to acquaint operating 
personnel with procedures. As a training 
program several of the sleet-melting con¬ 
nections were actually set up on the sys¬ 
tem and melting currents were applied for 
short periods. 

Conclusions 

Since the adoption of this program 
several light sleet storms have been 
weathered without disrupting the system. 
Procedures developed have worked suc¬ 
cessfully under conditions that normally 
would have caused trouble. 

Further experience will be necessary 
with storms where heavy ice formations 
accumulate before this program can be 
fully evaluated. 
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Artificial Cooling of Power Cable 

F. H. BULLER 

MEMBER AIEE 


T HE artificial cooling of electric ma¬ 
chinery is a practice which is familiar to 
almost all electrical engineers. In the 
case of rotating machinery, the rotating 
element usually provides a considerable 
circulation of air; such rotating elements 
frequently are furnished with fan blades, 
which further promote the circulation of 
air in the machine. Large machines often 
are cooled by means of external fans and 
forced air cooling of transformers is not 
uncommon. Transformers are cooled also 
by circulating water through copper pipes 
immersed in the oil at the top of the tank, 
and frequently entire substations or por¬ 
tions thereof are cooled by forced ventila¬ 
tion. 

Artificial cooling, however, has been 
rather unusual in the past in cable work. 
But with the growth of load, and the in¬ 
creased congestion' which occurs in sub¬ 
stations, power stations, and their im¬ 
mediate neighborhood, the heat problem 
has become increasingly severe so that 
there is a tendency nowadays to consider 


what can be done to reduce conductor 
sizes by means of artificial cooling. 

Removal of Heat from Cables 

The heat produced by losses in cables 
theoretically can be removed by conduc¬ 
tion, convection, radiation, or evapora¬ 
tion. The last-mentioned of these tech¬ 
niques is rarely, if ever, used, since the 
liquids available for evaporation are 
usually either too costly or tend to dam¬ 
age the cable finish by causing rotting, 
corrosion, or some similar phenomenon. 

In fact, it is somewhat unusual for more 
than two of these possible four methods 
to be available in practice in any given 
case. A cable suspended in free air dis¬ 
sipates its heat by co and radia¬ 

tion; the supports w^^ ^carry such a 
cable rarely, if ever, ^ S1 ^gh enough con¬ 
duction to assist m%t ^ y in heat dis¬ 
sipation. A cable i^ ■"?? likewise trans¬ 
mits all its heat to th^ m ^ ^bank by con¬ 
vection and radiatiAp' na ^ Z om does con- 

Buller—Artificial Cooling of Power Cable 


duction at the point of contact between 
the cable and the duct play a material 
part in cooling the cable. 

On the other hand, transmission of heat 
from a cable immersed in oil to the pipe 
surrounding it is a matter of conduction 
and convection, as the fluid tends to sup¬ 
press radiation to a great extent; whereas 
a buried cable has to get rid of all its heat 
by conduction through the earth without 
benefit of normal convection or radia¬ 
tion. 

Improvement of Cooling Conditions 

The cooling of a long cable line by arti¬ 
ficial means is apt to be a very difficult 
and costly matter; however, it is often 
possible to improve a difficult hot spot 
situation by artificial cooling, without un¬ 
due expense, especially in or near a gener¬ 
ating station or substation. 

In the case of an underground cable it 
is possible to mitigate hot spot conditions 


Paper 52-152, recommended by the AIEE Insu¬ 
lated Conductors Committee and approved by the 
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by saturating the soil with water, thereby 
improving its conductivity. While this 
practice has been considered, it is apt to 
be a very costly and difficult thing to do 
unless the hot spots are readily accessible, 
and unless there is available an adequate 
supply of cooling water in the neighbor¬ 
hood of the hot spots. 

In the matter of radiation, it is theoret¬ 
ically possible to improve conditions by 
providing the cable with a matte black 
surface; it is well known that a shiny 
metallic surface is very bad from the 
radiation standpoint. However, there is 
some question as to how a matte black 
surface can be maintained in service. 
Fortunately cable surfaces usually do not 
remain shiny in service even if they leave 
the factory in that condition, but instead 
tend to become dull and oxidized. It is 
rarely practical to do anything about 
radiation beyond accepting the type of 
surface which exists in practice after some 
years of service, determining its radia¬ 
tion coefficient, and utilizing it in com¬ 
puting the cable heating. 

Convection is another matter. While 
it is difficult to provide forced convection 
over a long cable line, it is obviously pos¬ 
sible to blow air across a local hot spot if 
the cable is installed in free air and the 
hot spot is accessible. Furthermore it is 
possible to ventilate an entire tunnel, if 
cables are installed in tunnels. On the 
other hand, if cables are installed in ducts 
it is sometimes possible to cool the cables 
materially by blowing air or passing water 
through the loaded ducts. 

In the case of pipe cable, the pressure 
medium (oil or gas) can be circulated and 
cooled. Another technique which has 
been proposed involves installing a copper 
pipe in the oil inside the cable pipe, and 
the circulation of water through this cop¬ 


per pipe. In the present paper, it is pro¬ 
posed to investigate some of these possi¬ 
bilities. 

Forced-Air Cooling of Cable in Ducts 

At least one large utility has developed 
a technique for blowing air through loaded 
cable ducts in power stations and substa¬ 
tions, thereby materially reducing the 
cable temperature or, conversely, increas¬ 
ing its rating. This technique has been 
fully reported by R. W. Burrell, A. V. 
Falcone, and W. J. Roberts, 1 who have 
covered the matter exhaustively so there 
is no object in discussing it here. It is be¬ 
lieved that while this technique is suitable 
for short duct runs, it may be difficult to 
apply to long duct runs due to the large 
amount of air necessary to remove the 
losses on long cable lines and to the pres¬ 
sure drop which would be involved. 

The equation for T h given in their 
paper, 1 is identical with equation 2 of 
Appendix II. This is as it should be, 
since the case of a cable in a duct cooled 
by forced air is mathematically identical 
with the case of a cable installed in a ven¬ 
tilated tunnel. 

Water-Cooling of Cables in Ducts 

A report was presented on this subject 
to the Edison Electric Institute Trans¬ 
mission and Distribution Committee on 
October 10, 1942. This report deals with 
practical results attained and does not 
discuss theory. 

Mathematically, this case is identical 


with the case of a pipe cable cooled by oil 
circulation (Appendix II), if the ducts are 
filled with circulating water. In general, 
water is the better cooling agent, and any 
leakage of water into the soil probably 
would be advantageous from the cooling- 
standpoint, since soil thermal resistivity 
would be reduced thereby. 

The practical problems of water sup¬ 
ply, cost of cooling water, corrosion, and 
possibly erosion of the cable sheaths by 
such water, as well as problems of open- 
circuited sheath operation under such 
cooling conditions, present the most seri¬ 
ous questions involved in this type of 
cooling. It has not been used much in 
the past. 

Cables in Ventilated Tunnels, 
Mounted on Racks 

Such cables, see Figure 1, are exposed 
directly to the cooling air, which affects 
the cooling of the cables favorably in 
three ways: 

1. By breaking up natural convection 
currents, it prevents the lower cables from 
heating up the upper ones directly. Of 
course the heating of the cooling air by all 
the cables in the group increases the group 
ambient; but there is no direct transfer of 
heat by convection from the lower cables 
to the upper ones. 

2. The moving air removes a good deal of 
heat directly from the cables, especially if 
its velocity is considerable. This heat 
otherwise would have to be dissipated 
through the earth surrounding the tunnel. 
Since this path for the flow of heat is still 
open, the effect of the cooling air is to pro¬ 
vide an alternative parallel path thereby 
promoting heat removal. 

3. If the velocity is sufficiently high, the 
flow of air will be turbulent, and there will 
be a tendency to break up the relatively thin 
film of air in the immediate neighborhood 
of the heated cables which contributes so 
materially to the surface thermal resistance 
of these cables. This scrubbing action re¬ 
duces the temperature drop from the cable 
surface to the cooling air and is thus 
definitely beneficial. 

The cooling air enters the tunnel at one 
end, flows longitudinally along the tunnel 
absorbing heat from the cable, and leaves 
the far end of the tunnel at an elevated 
temperature. On its way through the 
tunnel it also loses heat to the surround¬ 
ing earth. The critical temperature rise 



Figure 3 (left). High-pressure 
pipe-type cable—pressure me¬ 
dium circulated for cooling 


PIPE 


Figure 4 (right). High-pressure CARRYING 
pipe-type cable— cooling water COOLING 
carried in internal pipe 'MM 
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Figure 5. Illus¬ 
trating air, gas, or 
oil flow through 
cable tunnel or 
cable pipe 


TEMPERATURE 

Tx 


TEMPERATURE 

Tf 


DIRECTION 
OF FLOW 


dx 


TEMPERATURE 

Ft 


of the air is at the hot end of the tunnel. 
Equations for calculating this tempera¬ 
ture rise, and also equations for calculat¬ 
ing the cable loss which will give a speci¬ 
fied tunnel temperature at the hot end, 
are developed in Appendix II. 

Equations for calculating the surface 
thermal resistance of the cables are given 
in Appendix VII and are plotted in Figure 
9. While no very complete data are 
available for the thermal resistance of 
cable surfaces cooled by air flowing longi¬ 
tudinally, if this air flows outside the 
cable surface, some light is thrown on this 
problem by Jakob; 2 and it has been cor¬ 
related with the work done by McAdams 3 
on air flowing transversely outside of 
cylinders and air flowing longitudinally 
inside of cylindrical tubes. This work 
indicates clearly that if formulas for the 
surface thermal resistance of tubes with 
air flowing inside them are used, they will 
give results which are no more than 
moderately conservative if the air flow is 
external instead of internal. 

In this case, in addition to heat re¬ 
moval from the cable surface by forced 
convection, some heat will be transferred 
to the tunnel walls by radiation. In the 
equation presented in Appendix II al¬ 
lowance is made for this. 

Cables in Ducts in a Tunnel Wall 

If the cables are installed in ducts in a 
tunnel wall (see Figure 2), conditions are 
not quite so favorable as they are when the 
cables are exposed directly to the cooling 
air. The cooling air does not have an op¬ 
portunity to reduce the surface thermal 
resistance of the cables; furthermore a 
layer of concrete has been introduced be¬ 
tween the cable duct and the cooling air. 
This concrete has a thennal resistance of 
its own; in addition, there is a thermal 
resistance between the surface of the con¬ 
crete and the cooling air. See Appendix 
VI for equations, and Figure 8 for a plot, 
of these thermal resistances. 

Equations for the temperature rise of 
the cooling air are developed in Appendix 
IV. In this case a portion of the heat de¬ 
veloped by the cables is transmitted 
directly to the earth, and the remainder 
passes into the cooling air and is removed 
thereby. 

Pipe Cable Cooled by Circulating the 
Fluid Which Is Used as a Pressure 
Medium 

In this case (Figure 3) the pressure 
medium may be either oil or gas, which is 
circulated through the cable pipe and re¬ 
turned to the circulating pump through a 


return pipe. The fluid then is cooled by 
means of a heat exchanger and returned to 
the cable pipe for further circulation. 

Mathematically this is analogous to the 
case of the cables mounted on racks in a 
ventilated tunnel. If the constants cor¬ 
responding to gas under pressure or for oil 
are substituted in the equations in Ap¬ 
pendix II, the temperature of the oil or 
gas at the hot end of the pipe can be 
computed. Appendix V gives suitable 
equations for surface thermal resistances, 
and Figure 6 gives a corresponding plot. 
When calculating the size of heat ex¬ 
changer needed, allowance should be 
made for heat dissipation from the return 
pipe. Appendix III shows how this heat 
dissipation can be calculated. 

As a practical matter, it has been found 
feasible to cool moderate lengths of pipe 
cable by this means, if oil is employed as a 
pressure medium. Gas is not so satisfac¬ 
tory as a cooling medium, and the cost 
and complexity of the compression equip¬ 
ment required for the circulation of the 
gas at the high operating pressure of 200 
pounds or thereabouts makes cooling by 
gas circulation relatively unattractive. 
For the present it seems likely that this 
type of cooling will be confined to oil- 
filled pipe cables. 

Cooling of Pipe Cables by an Internal 
Pipe Carrying Circulating Water 

This type of cooling is mathematically 
analogous to the cooling of cables situated 
in ducts in a tunnel wall. The heat flows 
through two paths in parallel—one di¬ 
rectly to the earth and one through a 
thennal resistance to the water in the 
cooling pipe. By using the proper con¬ 
stants, the equations in Appendix IV can 
be utilized to solve problems of this type. 

The thermal resistance from the oil in 
the cable pipe to the water in the cooling 
pipe can be calculated from the equations 
given in Appendix V. Equations for cal¬ 
culating the thermal resistance from the 
cable surface to the oil in the pipe when 
oil circulation is used for cooling also are 
found in Appendix V. 

Conclusions 

Calculations based on the procedures 
given here show very clearly that for a 
relatively short length of pipe cable or 
lengths of tunnel it is possible to produce 


a material improvement in cable rating by 
forced ventilation, or forced circulation of 
oil, without going to circulating equip¬ 
ment so costly that the saving in cable 
cost is offset by the cost of the circulating 
equipment. Ventilation studies in tun¬ 
nels up to about 1,500 feet long and oil 
circulation in pipes up to 3,000 feet long 
indicate that economies are feasible by 
using these methods. Doubtless, if cir¬ 
cumstances warrant it, it may be feasible 
to cool even longer lengths economically 
by circulation and ventilation. 

It would appear that the most efficient 
method of cooling cables in a ventilated 
tunnel is to mount them on racks, in 
direct contact with the cooling air. Such 
a construction is, however, not nearly so 
well protected against fire in event of a 
cable failure as is the alternative where 
cables are installed in ducts in the tunnel 
wall. Automatic safety devices, which 
cut off ventilation and operate a fire ex¬ 
tinguisher when such trouble occurs, may 
prove to be a satisfactory answer to the 
fire problem. 

It also would appear that circulation of 
the oil in a pipe cable is more effective as 
a cooling measure than water circulation 
in a small internal pipe. Moreover, oil is 
much more effective as a cooling medium, 
and more easily handled, than high pres¬ 
sure gas, when the pressure fluid is cir¬ 
culated. This is in sharp contrast to the 
condition which obtains when natural 
convection is the means of transfer from 
the cable to the pipe surface; here the 
gas is almost as effective as the oil, re¬ 
garded as a cooling medium. 

Circulation of air in loaded cable ducts 
seems to be a satisfactory solution where 
short duct lengths are involved; in the 
case of longer lengths, water circulation 
might be considered where the cost of the 
system is warranted, and where corrosion 
problems can be kept under control. 

Appendix I. List of Sym bols 

W— total loss, watts per foot of pipe 
or tunnel 

W e — watts dissipated through the earth, 
per foot of pipe or tunnel 

Wf= watts removed by air, oil, or water 

T c = conductor temperature, degrees centi¬ 
grade 

T e — ambient, earth temperature, degrees 
centigrade 

Tf— intake air, oil, or water temperature, 
degrees centigrade 
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Tx — air, water, or oil temperature at point 
sc, degrees centigrade 

TV-oil temperature at x when cooling with 
internal pipe; or, duct wall tempera¬ 
ture at x when ducts are built into 
wall 

T i = outlet air, water, or oil temperature, 
degrees centigrade 

To = oil temperature at end of return pipe, 
degrees centigrade 

*£? = specific thermal capacity of air, water, 
or oil, watts second per cubic foot 
times degrees centigrade 
w = air, water, or oil velocity, feet per second 
A - clear area of tunnel, square feet 
L- length of tunnel or cable pipe, feet 
# = distance from intake end of cable pipe 
or tunnel, feet 

= soil thermal resistance, thermal ohms 
per foot (t.o.f.) 

R e '=R e +R t 

Ri~ thermal resistance of cable insulation, 
t.o.f. 

R s = thermal resistance of cable surface, 
t.o.f. 

/(a) Thermal resistance from oil to 
Rp — \ water in cooling pipe, t.o.f. 

((b) R<-hR t 

Rt — thermal resistance of inside wall of 
tunnel, or pipe, t.o.f. 

R c — thermal resistance of concrete between 
ducts and tunnel wall, t.o.f. 
h — coefficient of heat transfer Btu per hour 
times square feet times degrees Fahr¬ 
enheit 

D — diameter, feet 
D' = diameter, inches 

D c =2.155 times outside diameter of cable, 
inches 

Da = diameter of duct in tunnel wall, inches 
D p — inside diameter of pipe, inches 
Dp' = inside diameter of internal pipe, inches 
Dj/ = outside diameter of internal pipe, 
inches 

k — thermal conductivity of oil Btu per hour 
times square feet times degrees per 
Fahrenheit foot 

G — mass velocity, pounds of fluid per hour 
times square feet of cross section 
u' — viscosity, pound per hour times feet 
C v — specific heat at constant pressure, Btu 
per pound fluid times degrees Fahren¬ 
heit 

5=free area between cables and pipe, 
square inches 

u — viscosity, centipoises, of oil in pipe 
u w = viscosity, centipoises, of water 
l — thickness of concrete between duct and 
inside of tunnel, inches 
s — center to center spacing of ducts, inches 
n — number of ducts 


*Fluid Value of Q 

Air. 31.0 (at atmospheric pressure and 

50 degrees centigrade) 

Oil. 50,000 

Water.117,000 


Appendix II. Pipe Cooled by 
Circulating Oil or Ventilated 
Tunnel with Cable Supported on 
Racks or Troughs 

Figure 5 shows the location of point x in 
the tunnel or pipe, and illustrates graphically 
the meaning of some of the symbols given in 
Appendix I. 



Figure 6. Values of R s from equation 12 



Figure 6(A). Values of Rt from equation 13 
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Heat generated in length dx is Wdx 
Heat dissipated to earth in length dx is 
T x -T e 


R/ 


dx 


Heat removed by fluid in length dx is 
QAvdTx 
Then 


The solution of this differential equation 
is 

T x = {WR e ' + T c ) + Ce~ z / QAvRe ' 

At x—0, T—Tf 

so that 


If it is desired the following equation may 
be used to obtain W 

H7== (T c -T e )-(Tf~T e )e- L / QAvR «' 
Ri+R s +Re'( i-6-V<2W) 


Appendix HI. Return Pipe 

When oil is circulated outward through 
the cable pipe and flows back through an 
unheated return pipe, the heat dissipated 
to earth by the return pipe may be calcu¬ 
lated as follows 

In equation 2 write Tf=Ti, 7\ = To, 
W — Q 


Then 

T 0 = r«(l-€- L / Qj4flBfl ') + r 1 6“ i /«^' (4) 

Heat dissipated == QAv( T\ — To) 

= QAv(Ti—T e )(1 — £— Ij /Q A vRe') ( S ) 


Appendix IV. Pipe Cooled by 
Circulating Water in Internal Pipe 
or Ventilated Tunnel with Cables 
Installed in Ducts in the Tunnel 

Wall 


This case differs from the one considered 
in Appendix II in that there is a thermal 
resistance R v between the cooling medium 
and the cable surface, or cable oil. The heat 
is transmitted to the cooling medium and 
to the earth in parallel rather than through 
the cooling medium to the earth 

T x = T x '-W f R p (6) 

Wfdx = Wdx - dx —QAvdTx 


Wdx= dx+QAvdTx 

Re 

whence 

dT x T x _ W T e 
dx + QAvR e ' QAv^QAvR/ 


C=T f -{WR e ' + T e ) 

Tx = ( WR e ' + T e ){l-t- x/QAvlte ') + 

Tf€~ x / QAvR T (X) 
T, = ( WRe' + Te )(1 - e - h ! QA vlte ’) + 


W f =W- 


T ' 
t x 


R/ 


Te n . dTx 
= QAv — 
dx 


From equation 6 


dT x dT x ' dW f 

-~ r x ~ = —T-- Rp —d 

dx dx dx 




Figure 8. Value of Rt 
from equations 18 and 


19 
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Figure 9. Value of R s 
from equation 22 
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dWf _ 1 dT x r 
dx R e ' dx 

Therefore 

dTx __ dlx Rrp dlV _/, Rp \ dT x ' 
dx dx R e ' dx ~\ 1 R+) dx 


From equations 7 and 8 

dTx' _ T x ' _ __ WR e ' ±T e 

dx QAv(R e '+R p ) ~~ QAv(R e '+k p ) 

The solution of the equation is 

T x ’ = ( WR e ' + r ,) + Ce- x /0M«y+Kv) (9) 

At x = 0, T x = T f 
T , r x +R p (W+T e /R e ') 

It. — 


l+Rv/Re' 


= TxRe^rR^wRc ' +r e ) 

Rp + Re' 

At x = 0, T x ! ~ WRe'+T$ “I - C— To from 
equation 9 

or C=To-{WR e ' + T c ) 


and 


r„ = 


T f R e '+R P (WR e ' + T e ) 
Rp+Re' 


Tx' = ( WR e '+ r e )( 1 - e ) + 

r ^'+^^'+r,) _, /<M , (JJp w) 

And at x = /, 

^'-(T^' + noX 

r /?' n 

S x v /> r y /r\ a / /> i n i\ 


1 __-- -_ € - L/QAV( h'p+n e >) , 

Rp + Re' J 

TP D > 

1 [+± - L/QAv(/tp+R e ') 

Rp + Re' 


Since 

ri=r 1 '+^(i?i+i? s ) 

(r«-r e )(i?p+i? e ')- 

j _ ( ?>- T e )R,’ 

(Ri+Ri+Rc’XRv+Rc')- 

R '2 6 -L/QM(Bp+tte') 

( 11 ) 


Appendix V. Coefficient of 
Heat Transfer—Moving Liquid 

in Pipe 

Turbulent Flow 

McAdams 3 on page 168, equation 4(C), 
gives 

^-o.02s(—YYSe.'Y‘ 


Flow will be turbulent if DG/u r > 2,200. 

It is assumed that the three cables in the 
pipe are equivalent to an annular space, 
with inside diameter D C) the diameter of the 
circumscribing circle around the three 
cables arranged in close triangular forma¬ 
tion, and outside diameter D v , which is the 
inside diameter of the pipe. 

Following the technique described by 
McAdams 3 on page 200 for annular spaces, 
and substituting the constants for petroleum 
oils at 50 degrees centigrade (where these 
vary only slightly with temperature) and 
the more usual system of units, it is found 
that 


0.0962m 0 - 4 F / D v \ l 
R s — —-——— ( — ) — 1 

(D c v+*l\D c / J 

, , „ 0.0962m 0 * T" /Z)A 2 1°- s 

(10) ‘■"(wL 1- UJ_ 


( 12 ) 


(13) 


Values of R s and Rt are plotted in Figure 6 
and Figure 6(A). 

Viscous (Streamline) Flow 

For this type of flow, there is little to be 1 
gained by using the relatively complex 
expressions available; it is better to neglect 
flow altogether, and use the technique based 
on natural convection and conduction de¬ 
veloped by Buller & Neher. 4 For approxi¬ 
mate work, the following simple equations 
can be used 


R» = 


0.74 


Rt = 


0.74 


Internal Pipe 

When heat is removed by water flowing 
in an internal pipe, the thermal resistance 
from oil to water in such a pipe is given by 
equation 14 


R P = 


0.0962mm 0 - 4 0.74 0.74 

(D/v+*~ - + Z>/ 


(14) 


The second term in this equation is 
approximate. A better approximation can 
be obtained, if desired, by separating the 
heat flow to the water from the heat flow to 
the earth (using equation 14 as a basis) and 
then applying the Buller-Neher technique 
to re-evaluate this second term. (See- 
Figure 4, reference 4). Values of A 1 are 
plotted in Figure 7. 


Appendix VI. Heat Transfer 
fro m a Cable in a Duct in a Tunnel 
Wall to Moving Air in a Tunnel 

Here the value of R p is R c +R t where R c 
is the thermal resistance of the concrete, 
and R t that of the tunnel wall. 
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A simplified equation for R c is 


(Ri+R*)n 

where 

i?i = 3.3(0.215+2//D d ) 

„ 6 . 6(5 +2t) 

JX 2 — -- 


( 15 ) 


(16) 

(17) 


Rt = 


20.9 


for velocities below 


?«(1-1-0.234#) 

16 feet per second, and (18) 


39.7 

= 7g for velocities above 16 feet per 

second (19) 

A good average value of R* is 3.66 (correct 
within =F5%). Values of R t are plotted in 
Figure 8. 

If both side walls of the tunnel are heated, 
there will be a little direct radiation to the 
floor and roof. If all four sides are heated, 
there will be none. Radiation therefore 
should be neglected in calculating the heat 
flow from the tunnel wall to the ventilating 
air. 


Appendix VII. Coefficient of 
Heat Transfer at Cable Surface 
Cable in Ventilated Tunnel 


There do not seem to be available any 
completely satisfactory equations for cylin¬ 
ders cooled by forced convection with 
longitudinal flow. Jakob 2 states that for 
small wires in large tubes the coefficient of 
heat transfer approximates the same law 
as that for transverse flow, but has about 
60 per cent of the numerical value of the 
transverse flow coefficient. However, the 
data on which this conclusion is based are 
based on low Reynolds numbers. 

For Reynolds numbers of 2,000 to 16,000 
McAdams 3 gives 

) o.s 

for longitudinal flow 

inside tubes (20) 

hD (DGV 6 , 

— — 0.241 r—— 1 for transverse flow 

k \ u' ) 

outside tubes (21) 

By direct substitution in these equations, 
it is seen that the values given by equation 
20 are less than 60 per cent of those given by 



equation 21 within the foregoing range. 
Accordingly equation 20 is recommended as 
being a little on the conservative side. Re¬ 
ducing equation 20 to more familiar units 

14.3 

Rs ~(D'vf-* 

Allowing for radiation this formula,be¬ 
comes 



14.3 
2 66D' 


( 22 ) 


Values of R s are plotted in Figure 9. 
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Discussion 

L. F. Hickemell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The practical value of this paper would be 
enhanced considerably if numerical ex¬ 
amples based on actual or assumed condi¬ 
tions were included. To save space, the de¬ 
tailed mathematical steps could be omitted, 
but the given conditions and resultant rat¬ 
ings should be included. In addition to as¬ 
sisting the reader to apply this method of 
calculation, these examples also would en¬ 
able him to evaluate the efficacy of artificial 
cooling. 


F. H. Buller : Mr. Hickernell’s point is well 
taken. A numerical example is often help¬ 
ful in clarifying the use of equations, but 
it was feared that the addition of a com¬ 
pletely worked example might make the 
paper too long. However, in deference to 
Mr. Hickernell’s point of view, which is 
doubtless shared by many others, the fol¬ 
lowing example is given herewith. This ex¬ 
ample not only shows that a moderate cir¬ 
culation of oil will cut the temperature rise 
of the conductor substantially in half but 
illustrates the proper use of equations 2 and 
10 in the paper for a pipe cable system when 
the watts loss is divided between the con¬ 
ductor and the pipe. 

Effect of Oil Circulation on Pipe Cable 
Temperature 

Cable 1,500,000-circular-mil conductor 

compact segmental 

Insulation 0.560 inch 

Outside diameter conductor 2.750 inches 

Inside diameter pipe 8.125 inches — D p 

Outside diameter pipe 8.625 inches 

Depth of burial 36 inches 

640 


Soil thermal resistivity 80 degrees centi¬ 
grade centimeters per watt 
Watts on conductor 21.0 
Watts on shield 21.6 
Watts on pipe 27.0 

Clear area of pipe 0.237 square foot = A 
Oil velocity (assumed) 1.0 foot per second 
Oil temperature at inlet 30 degrees centi¬ 
grade = Tf 

Earth ambient temperature 25 degrees centi- 
grade=T e 

Length of pipe 2,B00 feet 

Thermal Resistances 

Insulation thermal resistance = Ri~ 0.57 
thermal ohm per foot 

Surface thermal resistance, cable to pipe 
with no circulation = 0.30 thermal ohm per 
foot (see reference 4, Figure 4) 

Soil thermal resistance — R e — 1.17 thermal 
ohms per foot 

(a) Conductor Temperature, No 
Circulation 

Rise of conductor 

over shield.21.0X0.57=12.0 deg C 

Rise of shield over 

pipe.21.6X0.30= 6.5degC 

Rise of pipe over 

earth.27.0X1.17 = 31.6 deg C 

Earth ambient. ... 25.0 deg C 


Total.75.1 deg C 

(b) Conductor Temperature with Oil 
Circulation at 1.0 Foot per Second 
Velocity 

Reynolds number Dvp/ix = 197; hence, 
flow is viscous. Use Buller-Neher method 
of determining R s -^R t 

Assume average oil temperature T m =33 
degrees centigrade 

Then (fVD c 3 r w 3 ) 1 A=201, i? s +^ = 0.245 
(see reference 4, Figure 4) 

Buller—Artificial Cooling of Power Cable 


This quantity may be divided between 
Rs and R t in inverse proportion to D c and 
D p , by using the equation 

P P 

R*+Rt = —•+-• =0.245 
D c D v 

giving R s =0.142, and Rp — 0.013, 

While this procedure is not rigorous, it is 
accurate enough for all practical purposes. 
Note: If R t were taken as 0.245 instead of 
0.103, Ti would work out to be 32.88 de¬ 
grees centigrade instead of 32.85. Thus the 
method of obtaining R s and Rt given here is 
perfectly satisfactory from the practical 
standpoint.) 

Then 

R e ' = Re+Rt** 1.27 

L _ _2000__ 

QAvR e ~ 50000 X0.237 X 11) XL 27 

= 0.133 and 3:1 = 0.874 

From equation 2 

Tv = (21.6 X1.27 + 25) (1 - 0.874) + SO X 

0.874 = 32.85 degrees centigrade 

Effect of Watts on Pipe on Oil 
Temperature 

To determine the effect of the watts on the 
pipe on the oil temperature, use equation 10, 
substituting R t for R P , and R e for R c f in that 
equation. 

Watts on pipe = 27.0 —21.6 = 5.4 


Re' 

Rp + Re' 


becomes 



1.17 

i3f 0 - 922 


7) = (5.4X1.17+25)(l-0.922XO.874)+ 
30X0.922X0.874 = 30.3 degrees centigrade 

Rise of oil due to watts on pipe = 30.3-3.30 
= 0.3 degree centigrade 
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Total oil temp¬ 
erature = 32.9+0.3 =33.2 deg C 

Rise of shield 

over oil =21.6X0.14 = 3.0 deg C 

Rise of conduc¬ 
tor ,pver shield =12.0 deg C 

Total 48.2 deg C 


( Note: The original assumption of 33 de¬ 
grees centigrade for the average oil tempera¬ 
ture therefore is justified. If this figure had 
differed more widely from 33 degrees centi¬ 
grade, the calculation would have to have 
been repeated, using a different assumed oil 
temperature.) 

Thus, if the oil in the pipe is used as a cir¬ 


culating and cooling medium, with an inlet 
oil temperature of 30.0 degrees centigrade, 
and a velocity of flow of 1.0 foot per second, 
the conductor temperature will be reduced 
from 75.1 to 48.2 degrees centigrade, that is, 
the temperature rise over the earth ambient 
is just about cut in half, in this particular 
case. 


Lightning to the Empire State Buildins 

Part III 


J. H. HAGENGUTH 

FELLOW AIEE 


Synopsis: Previous papers 1 ’ 2 have re¬ 

ported lightning investigations conducted 
at the Empire State Building in New York 
City during the years 1935 through 1940. 
During 1941, 1947, 1948, and 1949 further 
data were obtained on all lightning stroke 
characteristics. This paper presents a 
summary of all data obtained during the 
10 years in the form of frequency curves. 

1. The majority of the strokes at the Empire 
State Building start with an upward stepped leader 
followed by a continuous current discharge with an 
average amplitude of 250 amperes. For about 50 
per cent Of the strokes this discharge mechanism is 
followed by one or more current peaks (average 2.3) 
of much higher amplitude. The current peaks are 
initiated by downward continuous leaders. 

2. Proof has been obtained of the existence of 
continuous current by oscillographic and photo¬ 
graphic methods. 

3. Fifty per cent of the strokes have a total charge 
in excess of 19 coulombs. The maximum measured 
was 164 coulombs. 

4. The maximum stroke duration was 1.5 seconds 
while 50 per cent of the strokes were in excess of 
0.27 second. 


J. G. ANDERSON 

ASSOCIATE MEMBER AIEE 


5. The wave shapes, front and tail, and current 
crests for 80 current peaks were determined. 

6. Rates of rise of current peaks frequently are 
10 to 20 kiloamperes per microsecond but may be 
as high as 50 kiloamperes per microsecond. 

7. Good agreement is shown with data by other 
investigators. 

8. The application of the data to transmission line 
problems is discussed. 


Terminology 

T HE terminology to be used in this 
paper is the same as used by K. B. 
McEachron in his paper on the same 
subject. 2 

A few of the principal terms are: 

Stroke: The complete lightning phe¬ 
nomenon consisting of one or more dis¬ 
charges following essentially the same 



Figure 1, Front view of os¬ 
cillographic equipment used at 
the Empire State Building. 
Low-speed oscillograph at left 
and high-speed oscillograph at 
right. Film drum housings open 
to show internal construction 


path with a duration of the older of rela¬ 
tively large fractions of a second. 

Our rent Peak: A momentary rapid in¬ 
crease of current within a stroke with a 
duration of the order of microseconds. 

Continuous Current: A lightning dis¬ 
charge of relatively low amplitude but of 
duration of large fractions of a second. 

Multiple Stroke: A lightning stroke 
having more than one current peak. 

Equipment 

The equipment used during the pre¬ 
war years including 1941 has been de¬ 
scribed elsewhere. 3 ' 5 When the investi¬ 
gation was continued after the war, some 
modifications were made to accommodate 
changed conditions. In 1947 the antenna 
structure of the National Broadcasting 
Company on top of the building was 
changed. This required 69 feet of cable 
between the bushing and lightning rod 
above the antenna and the oscillograph, 
located under the roof of the building. A 
high-pressure gas-filled cable was used. 
The bushing on top of the antenna was 
made of Herkolite. 

The automatic cathode-ray oscillo¬ 
graphs (CRO), see Figure 1, were rede¬ 
signed with a complete vacuum-tube 
system. As before, a high-speed CRO 
with logarithmic sweep of about 100 
microseconds was used to record the fast 
components or so-called high current 
peaks of the lightning stroke. The low- 
speed CRO was equipped with two CRO 
tubes for simultaneous recording of the 
continuing current components of much 
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Table I. Lightning Statistics at Empire State Building* 



Year 


1935 1936 1937 1938 1939 1940 1941 1947 1948 1949 Total 

Storm days. 

Strokes to Empire State Bldg. 

Stroke days at Empire State Bldg... 

. 27...26...28...39.. .29...35...26...21...24...20...275 

. 5...22...41-..24.. . 3...20... 6...48f..21...36. ..226 

* Covers period of observation and does not give the complete number of storm days in New York City, 
t Two of these strokes are believed to have hit the building below the lightning rod. 


lower amplitude than the current peaks. 
These two tubes had different sensitivi¬ 
ties and covered a current range of 2,000 
amperes to a minimum of 10 amperes for a 
time range of 0.7 second. Another radi¬ 
cal change was made during 1947 through 
1949 by using a constant resistance non- 
inductive shunt of 0.01 ohm. In order 
to adjust the wide variation in cur¬ 
rent amplitudes existing in the lightning 
strokes (100,000 amperes to zero ampere) 
to the CRO sensitivity, Thyrite sup¬ 
pression networks were used at the oscil¬ 
lographs. These were adjusted to give 
deflection scales similar to those used in 
the previous investigations. This ar¬ 
rangement has the advantage that the 
shunt proper can be made less inductive 
and measurements of wave fronts will be 
more accurate. 

A further improvement in ease of oper¬ 
ation was the installation of automatic 
starting equipment for power supplies of 
the CRO’s. This was accomplished by 
utilizing the corona current flowing 
through a small probe installed on the 
roof of the building. At a predetermined 
corona intensity the equipment wouid be 
energized. The equipment would shut 
down automatically 1/2 hour after corona 
had been lowered below the critical co¬ 
rona level. Of course once the power sup- 



CHARGE-COULOMBS 


Figure 2. Frequency of occurrence of stroke 
charge based largely on low-speed oscillo¬ 
graphic data. Based on 73 strokes 


plies were energized the beam and sweep 
of CRO’s were initiated by the lightning- 
stroke. 

Two or three different types of cam¬ 
eras 1-5 were installed at 500 Fifth Avenue 
at a distance of 2,550 feet from the top of 
the Empire State Building between 1935 
and 1941, and at 521 Fifth Avenue at a 
distance of 2,700 feet from 1947 through 
1949, to photograph the same lightning 
strokes that were recorded oscillographi¬ 
cally. 

Results of the 10-Year 
Investigation. 

Strokes to Empire State Building 

It is of some interest to compare the 
number of strokes to the Empire State 
Building with the number of storm days 
in New York City. Both figures are 
given in Table I and comprise the period 
during which the building was under ob¬ 
servation, usually from the end of May to 
the end of September. The number of 
storm days and number of strokes, there¬ 
fore, are not total values. However, the 
comparison is valid for the periods of in¬ 
vestigation. This 10-year period should 
be of sufficient length to establish valid 
lightning records to the building. The 
average number of storm days was 27.5. 



AMPERES 

Figure 3. Frequency of occurrence of maxi¬ 
mum amplitudes of continuous current com¬ 
ponents in lightning strokes to the Empire 
State Building. Based on 64 strokes 


This checks quite closely with the isoker- 
aunic charts published by W. H. Alex¬ 
ander. 6 The average number of strokes 
to the building were 22.6 per year and it 
was struck about 0.82 time per storm day. 
Of great interest is the relatively large 
change in number of strokes per year- 
maximum to minimum is about 16 to l¬ 
as compared to the change in storm days 
—maximum to minimum is about 1.75. 
Table I also shows the number of stroke 
days which gives the number of days dur¬ 
ing which the building was struck during 
any one year. This is a relatively smaller 
fraction of the storm days, about 0.21. 
Comparing stroke days with strokes to 
the building, it is at once evident that a 
large number of strokes (about four) oc¬ 
cur per stroke day. 

Polarity of the Strokes 

For the entire period of the investiga¬ 
tion, a total of 80 stroke oscillograms were 
obtained from which polarity could be 
determined; 86 per cent of the strokes 
were entirely negative; 14 per cent were 
both negative and positive. In no case 
was a stroke entirely positive. Of the 
strokes with mixed polarity, the greater 
proportion of charge was negative. In 
most of these cases the positive charge 
was contained in the continuing portion of 
the stroke. 

Stroke Charge 

Of the 73 strokes that could he evalu¬ 
ated for stroke charge, 50 per cent have a 
charge in excess of 19 coulombs. This 
figure is slightly less than the previously 
obtained value of 25 coulombs. The 
maximum measured was 164 coulombs. 
These values are shown in Figure 2. 

Continuing Strokes General 

The continuing type of current dis¬ 
charge in a lightning stroke supplies ap¬ 
proximately 95 per cent of the total 
charge. This percentage might be still 
greater if the sensitivity of the measuring 
equipment were greater, Of 135 strokes 
measured with oscillograph and camera, 
about 50 per cent had no current peak but 
had a continuing type of current only. 
This undoubtedly is a characteristic of 
the Empire State Building and other very 
tall structures. It probably results be¬ 
cause of the initial upward leader which 
apparently can occur before charges in 
the cloud are sufficiently concentrated to 
produce a downward leader followed by a 
current peak from the building. Another 
reason may be that the charges available 
in the cloud under such conditions are 
limited and in a case of a stroke to ordi¬ 
nary terrain would have resulted in a cur- 
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rent peak and subsequent continuing cur¬ 
rent of short duration. In the case of the 
building, the relatively small charges are 
drained off by the continuing current, 
eliminating the possibility of a current 
peak! 

Continuing Strokes—Amplitude 

* 

It is difficult to present amplitude 
values for continuing strokes, since they 
do not have a wave shape as well defined 
as the current peaks, see Figure 2 in K. B. 
McEachron’s paper. 2 However, it ap¬ 
peared of interest to report some data 
concerning the distribution of maximum 
amplitude per stroke. These values are 
shown in Figure 3 and show that the 
maximum current is of the order of 1,450 
amperes. Fifty per cent of the continuous 
current components had a maximum am¬ 
plitude of more than 250 amperes. 

Number of Current Peaks Per Stroke 

Because of the fact that some strokes to 
the building have no current peaks, the 
frequency curves for this study can be 
started with zero current peaks, as shown 
on Figure 4. Fifty per cent of the strokes 
fall into this classification. Obviouslv, 
zero does not mean that there was no dis¬ 
charge but that the discharge had a con¬ 
tinuing current component only. An¬ 
other curve on Figure 4 shows the number 
of current peaks for those strokes which 
contained one or more current peaks. 
This latter curve checks very well with 
data of other investigations. 7 Fifty per 
cent of such strokes had between two and 
three current peaks. Fourteen current 
peaks were the maximum number re¬ 
corded in one stroke. 

Stroke Duration 

These statistics are shown on Figure 5. 
Fifty per cent of the strokes have a dura¬ 
tion exceeding 0.27 second. The maxi¬ 
mum recorded duration of 1.5 seconds oc¬ 
curred in 1937 and has never been ex¬ 
ceeded. Whenever photographs were ob¬ 
tained simultaneously with the oscillo¬ 
grams, the photographic trace showed a 
longer total duration than the oscillo¬ 
gram. For example, the duration of 50 
per cent of the strokes based on 50 strokes 
is 0.3 second from oscillograms and based 
on 19 strokes 0.47 second from photo¬ 
graphs. 

Current Peaks—Crest Current 

Figure 6 shows amplitudes of 84 cur¬ 
rent peaks. All but two of these were of 
negative polarity. Fifty per cent of the 
peaks exceeded 10,000 amperes. The 
maximum current recorded was 58,000 
amperes and was of positive polarity. 


Figure 4. Fre¬ 

quency of occur¬ 
rence of current 
peaks in lightning 
strokes to the 
Empire State 

Building. Based 
on 135 strokes 
measured either 
photographically 
or oscillograph- 
ically 



NUMBER OF CURRENT PEAKS 


Other data obtained from direct strokes 8 

A. 

indicate that 50 per cent of the strokes 
exceeded 5.5 kiloamperes, while invest¬ 
igations on transmission lines 9 * 10 indi¬ 
cate that 50 per cent of the tower cur¬ 
rents exceeded 10 kiloamperes. 

Current Peaks—Duration 

Surge current durations are expressed 
in time to half value. Figure 7 shows that 
of 82 current peaks measured, 50 per cent 
exceeded 34 microseconds to half value, 
while 20 per cent were 68 microseconds 
and longer. The maximum duration is 
not known exactly because in a few cases 


the half value was not reached at the end 
of the sweep, but it is estimated to be 120 
microseconds. 

Current Peaks—Charge 

For purposes of identifying charges 
produced in current peaks as compared 
to charges carried by continuing cur¬ 
rents, only the charge to half value of the 
current surge has been measured from the 
oscillogram records, and the frequency of 
distribution is shown on Figure 8. Fifty 
per cent of the 83 current peaks had a 
charge exceeding 0.15 coulomb, 6 per cent 
exceeded 1.7 coulombs and the maximum 



0 0.4 0.8 1.2 1.6 

SECONDS 

Figure 5. Duration of strokes plotted as a 
function of frequency of occurrence. Based 

on 76 strokes 



Figure 6. Maximum amplitude of current 
peaks as a function of frequency of occurrence. 
Based on 84 current peaks 
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Figure 7. Duration of current peaks measured 
to half value as a function of frequency of 
occurrence. Based on 82 current peaks 


charge recorded was 4.9 coulombs pro¬ 
duced by the 58,000 ampere current peak 
of positive polarity. 

Current Peaks—Wave Front 

Eighty-two current peaks indicated 
that 50 per cent had a time to first crest 
of 1 microsecond or more; 38 per cent, 
1.5 microseconds or more. In general, 
the wave fronts did not exceed 8.3 micro¬ 
seconds, see Figure 9. 

There were, however, two current peaks 
with very much longer fronts, 30 and 85 
microseconds respectively. These peaks 
were the third and eleventh peak in two 
multiple strokes. 

Current Peaks—Rate of Rise 

From 71 current peaks, the effective 
rate of rise, measured through the 10-per- 
cent and 90-per-cent points on the wave 
front, could be obtained. Figure 10 
shows that 50 per cent of the strokes had 
a rate of rise in excess of 12.5 kiloamperes 
per microsecond. The maximum is of the 
order of 50 kiloamperes per microsecond 
for a peak of 30 kiloamperes. The highest 
values of rate of rise are usually associated 
with current peaks of relatively low am¬ 
plitude of the order of a few thousand am¬ 
peres. However, some of the higher cur¬ 
rent peaks of 30- to 50-kiloamperes crest 
have had a rate of rise of 20 kiloamperes 
per microsecond or more. 

Polarity of Current Peaks 

Five positive current peaks were re¬ 
corded occurring during otherwise nega¬ 
tive strokes. One of these had the highest 
current peak, 58,000 amperes, and is 
shown in Figure 3 of K. B. McEachron’s 
paper. 2 Another was the eleventh cur¬ 
rent peak of stroke number 28 in 1947. 
It had a very slow front—crest reached 
at a time later than 80 microseconds with 



Figure 8. Charge of current peaks as a func¬ 
tion of frequency of occurrence. Coulomb 
values based on time to half value of crest 
current. Based on 83 current peaks 

a crest current of 12,000 amperes and a 
charge of 0.63 coulomb to 80 microseconds. 
This current peak is similar to peak num¬ 
ber 3 of Figure 3 of the same paper. No 
detailed data are available on the 
other three current peaks. Of the current 
peaks for which polarity data are avail¬ 
able, 94 per cent were negative. 

Intermediate Current Component 

In many instances the current peaks 
with a duration of tens of microseconds 
are followed by a component decaying in 
hundreds of microseconds, which in turn 
is followed by a continuing current com¬ 
ponent. This type of wave is shown in 
Figure 11. Records for 1 year have been 
evaluated for wave durations of this in¬ 
termediate-type current component and 
are shown in Figure 12. The duration is 
given in terms of the time to half value of 
the exponential tail into which most of 
these surge shapes can be resolved. The 
amplitudes of these surges were of the 
order of 2,500 amperes and less. A few 
had amplitudes in excess of this value. 

Accuracy of Measurement 

The average accuracy of oscillographic 
measurements on current peaks is of the 
order of _±20 per cent. This applies to 
current amplitude, rate of rise, charge, 
wave fronts, and wave tails. For ex¬ 
treme conditions, for instance, very short 
fronts, very low current amplitudes, and 
so forth, the accuracy may be of the order 
of =*= 50 per cent. 

Discussion of Results 

Principle Contribution 

This 10-year investigation of lightning 
at the Empire State Building has yielded 



Figure 9. Time to first crest of current peaks 
as a function of frequency of occurrence. 
Based on 82 current peaks 


a large number of valuable data concern¬ 
ing the lightning stroke. A few of the 
more important findings are: 

1. Proof that current in the stroke as 
measured by oscillograph can be correlated 
with density of the stroke image on the 
photographic film, 6 thus definitely estab¬ 
lishing the existence of continuing currents 
in the lightning stroke, similar to a d-c are. 
Figure 13 gives an example of the close 
relation between stroke current and light 
emission for the continuous current com¬ 
ponents. The photograph shows longer 
persistence. 

2. Discovery of the fact that lightning 
strokes are generally initiated by upward 
stepped leaders from the Empire State 
Building. Subsequent continuous down¬ 
ward leaders originate from the cloud. 

3. The initial upward leader upon reach¬ 
ing the cloud is not followed by the so- 



Figure 10. Effective rate of rise (slope of line 
through points on wave front at 10 per cent and 
90 per cent of first crest) of current peaks as a 
function of frequency of occurrence. Based 
on 71 current peaks 
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Figure 11 (left). Illustration of 
change from a current peak 
condition to continuing current 
by means of an intermediate 
current component 


Figure 1 2 (right). Frequency 
of occurrence of duration of 
intermediate current compo¬ 
nents following high current 
peaks. Based on 29 peaks 


called return stroke. This is attributed to 
lack of concentration and mobility of 
charges within the cloud as compared to the 
condition in the ground where charges 
generally are readily available when a 
downward leader makes contact with the 
earth. 

4. The cloud is capable of sustaining long 
duration discharges of several hundred 
amperes for times of the order of 0.5 second 
and more. 

5. In spite of the presence of a discharge 
channel, formed by continuous flow of 
current conducting charges of as much as 
50 coulombs, the cloud can initiate a down¬ 
ward continuous leader, resulting in a re¬ 
turn stroke upon reaching ground. 

6. The velocities of propagation of upward 
stepped leaders fall within the range of the 
downward stepped leader. Continuous 
downward leader velocities are of the same 
order of magnitude as those to ordinary 
terrain. 


7. Information on the front, tail, and 
crests of current peaks, as well as the 
charges in current peaks, has been obtained 
for approximately 80 peaks. 

8. Considerable data are reported on the 
total duration (maximum 1.5 seconds) 
and total charge (maximum 164 coulombs) 
involved in lightning strokes. 

Discussion of An Upward Leader 

Figure 14 shows an upward leader from 
stroke number 17, 1947. The initial por¬ 
tion is not clearly visible. At a height of 
300 feet above the building, regular steps 
with their bright tips can be distinguished 
easily. They occur at intervals of ap¬ 
proximately 25 microseconds. At ap¬ 
proximately 530 feet and later at 920 
feet, there are two periods where the 
individual steps disappear and instead 
a continuous progress of the bright leader 
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tip is indicated at an average velocity of 
the order of 1.5 feet per microsecond. In 
the later period, a slight light modulation 
indicates a slow increase and decrease of 
current flow. Between these two long 
periods, a number of leader tips also ad¬ 
vance continuously although for a much 
shorter time. The same process occurs 
after the upper continuous portion has 
ceased. Close examination of the film 
after 1,100 microseconds indicates again 
slow light fluctuations of minor amplitude 
which would indicate that the progress of 
the tip is continuous. 

The low-speed oscillogram of the same 
stroke is shown in Figure 13. It starts 
with a current of 200 amperes and with 
relatively slow oscillations, which persist 
for 11,000 microseconds, decreases to ap¬ 
proximately 150 amperes. From that 
time on the current trace becomes very 
smooth and continues to drop. No rapid 
fluctuations corresponding to the original 
steps in the leader can be seen on the os¬ 
cillograph film. 

No explanation for this phenomenon is 
given, but it is cpiite certain that this con- 
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Figure 13. Comparison between continuing current measurements by cathode-ray oscillograph and the light emitted by the same stroke as obtained 

by camera. Stroke number 17/ 1949 
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Figure 14. Upward stepped leader from Empire State Building showing continuous current portions. Stroke number 17, 1949 


tinuous advance of the tip is not due to 
variation in direction of the stroke with 
respect to the camera. Both the oscillo¬ 
grams and the camera indicate that cur¬ 
rent flows continuously and, therefore,no 
deionization occurs in the channel for long 
periods of time during the upward leader 
process. The velocity propagation of the 
leader tip during the continuing portion is 
approximately twice (1.5 feet per micro - 


25000 - 


20000F 


second) as high as during the original 
stepping process. This change in velocity 
is rather abrupt and occurs at 450 micro¬ 
seconds when the stepped leaders occur at 
intervals of 25 microseconds as compared 
to an original step interval of 81 micro¬ 
seconds. 

Comparison With Other Data 

Tables II to IV are included to show 
comparison between measurements of cer¬ 
tain of the stroke and current peak char¬ 
acteristics obtained at the Empire State 
Building and elsewhere. 

The largest discrepancy between re¬ 
sults is in the total stroke characteristics 
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..duration and charge. This may he due 

to the different stroke mechanism at the 
Empire State Building. Here quite a 
number of strokes result in continuous 
current discharge only, initiated bv an up¬ 
ward step leader. Therefore, all the 
charges involved in the stroke would be 
measured while for strokes initiated by 
downward stepped leaders to ordinary ter¬ 
rain, the charges required for the stepped 
leader mechanism would not be measured 
at the ground end of the stroke. It is 
quite possible that the higher charges 
measured at the building are due to the 
fact that it is connected into a large net¬ 
work of pipes and thus can drain readily a 
larger area than would be possible in 
ordinary terrain. This same reasoning 
would apply to the stroke duration. 

Shorter wave fronts were obtained at 
the Empire State Building than to other 
objects . 8 The wave fronts as well as the 
wave crest to a large extent are deter¬ 
mined by the charges existing in the leader 


Figure 15. A current peak 
to the Empire State Building 
divided into current compo¬ 
nents supplied by charges from 
various zones, number 1 to 
number 6 of Manhattan Island 
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Figure 16. Current components in ground wires and towers for a lightning stroke to a trans¬ 
mission line tower 


channel and by the charges available in 
the ground at the instant of contact. In 
the case of the Empire State Building, 
charges may be more readily available 
and, therefore, the curient surge may 
reach crest more quickly than at other 
locations. 

With regard to the tail, it has been sug¬ 
gested that the shorter tails at the build¬ 
ing may result from shorter length of 
stroke path and consequently lower 
available charge in the leader channel. 
Such an explanation is very doubtful and 
in part is contradicted by the very much 
longer tails measured in a few cases, see 
Table IV. Such a reasoning assumes that 
the negative charge propagation from the 
cloud ceases once the leader has made con¬ 
tact. There is no reason to believe that 
this is true. On the contrary, the fact 
that the initial upward leader can drain 
considerable negative charges from the 
cloud would suggest that the cloud in the 
reverse process can and will continue to 
send charges toward ground after the 
downward leader makes contact and the 
return stroke progresses upward. This 
mechanism would not affect the front or 
the crest of the wave but would have con¬ 
siderable influence on the tail after a few 
microseconds. Therefore, the length of 


the stroke channel should not cause dif¬ 
ferences between wave tails at various 
locations. In the comparative study 8 the 
current peaks were measured with the 
high-speed Fulchronograph, 9 and it would 
appear that the accuracy for wave tails 
shorter than 50 microseconds would not 
be as great as that of the cathode-ray os¬ 
cillograph. 

Considering the difference in location, 
the great range of current wave shapes, 
and the different types of measuring in¬ 
struments involved in the various investi¬ 
gations, the over-all check is amazingly 


Tabic II. Crest Values of Current Peaks 


Comparison of Results of Various Investigations 


Per Cent 
of Cases 
Exceeding 

Valina — 

Direct Strokes, 
Kiloamperes 

Transmission 
Line Towers, 
Kiloamperes 

Given in Empire 
Succeeding State 
Columns Bldg. 

McCann s 

Lewis 13 

and 

Foust 

Waldorf 14 

50. 

. . 10... 

... 5. <5. 

9 5 

11 

20. 

. . 18... 

.. . 15 . . 

25 . 

23 

10. 

. .26... 

.. . 25 

34 

32 

Maximum. . 

. .58... 

...160 .. 

. .132 . . 

,...114 

Table III. Rate of Rise of Current Peaks 


Comparison of Results of Various Investigations 


Per Cent 
of Cases 
Exceeding 

Direct Strokes,* 
Kiloamperes per 
Microsecond 

Transmission 
Line Towers, f 
Kiloamperes per 
Microsecond 

Given in 
Succeeding 
Columns 

Empire 

State 

Bldg. 

McCann 8 

Berger 15 

50. 

..12.5.. 

. 9_ 

.11 

20. 

..26 .. 

.17_ 

.21.5 

10. 

. . 33 . . 

.35_ 

.31 

Maximum. . 

. . 50 . . 

.45 



* Effective rate of rise (10-90 per cent), 
t Maximum rate of rise. 


good and permits the use of all of the data 
with greater confidence. 

Application to Transmission Lines 

It is necessary to distinguish between 
a stroke to a line wire and a stroke to a 
ground wire or tower. In the first case 
the leader stroke current in the early 
stages can be neutralized only by any 
positive charges accumulated on the con¬ 
ductor within a few thousand feet of the 
stroke contact. 

vSince these charges are limited com¬ 
pared to charges available in the ground, 
the resulting stroke current must have a 
considerably lower amplitude than those 
given in Table II. If this current 1 is suf¬ 
ficiently high, the voltage which is the 


Tabic IV. Lightning Stroke and Current Peak Characteristics, Direct Strokes 

Comparison of Results of Various Investigations 


Wave Shape of Current Peaks 
Front, Tail, 

PerCent Total Stroke Duration, Total Stroke Charge, Microseconds to Microseconds to Half 


of Cases 
Exceeding 
Value Given 
in Succeeding 
Columns 

Seconds 

Coulombs 

Crest 

Value 

Empire 

State 

Bldg. 

McCann 8 

Empire 

State 

Bldg. 

McCann 

Empire 

State 

Bldg. 

McCann 

Empire 

State 

Bldg. 

McCann 

50. 

. .0.27. . 

. . ..0.08_ 

. . . 19. . 

. . . . 9. . . . 

... 1 ... 

_ 2.5.... 

. . . 34... 

.42 

20. 

..0.44.. 

_0.3 .... 

. . . 56. . . 

. ... 39_ 

...2.7... 

... . 4.2.... 

. .. 68... 

.58 

10. 

..0.55. . 

_0.5 .... 

. . . 81. . . 

_ 88... 

_5.1... 

.. . . 5.5.... 

... 97... 

.70 

Maximum. . . 

..1.5 . . 

_1.3 .... 

. . .164... 

_100.... 

_8.3*. . 

....10.0. 

. ..120... 

.90 


* Maximum normally encountered—two unusual peaks exceeded this value. 
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product of HZ/ 2) will attain values caus¬ 
ing insulator flashover. The currents re¬ 
quired are of the order of 1,600 to 5,000 
amperes for transmission lines with high¬ 
est system voltages. Once sparkover oc¬ 
curs at the nearest tower, the stroke can 
then increase to the values indicated in 
Table II because the total accumulated 
ground charges are available. This proc¬ 
ess is not entirely clear and currents in¬ 
volved cannot be readily deduced from 
direct stroke data. 

There is another complication to be con¬ 
sidered. Before the last step of the step 
leader makes contact with the wire, the 
potential difference between its tip and 
the wire must be sufficient to cause break¬ 
down of the remaining space. When this 
occurs to ground, this potential largely 
collapses because of the large available 
positive charge. In the case of the wire 
with limited charge, a considerable 
amount of potential may be applied to the 
wire without great increase in current. 
This process would explain the destruc¬ 
tion and sparkover of several adjacent 
poles on wood pole lines which otherwise 
would require currents in excess of 10,000 
amperes. 

If the stroke contacts the tower or the 
ground wire, then the crest values and 
wave shapes indicated in Tables II to IV 
are directly applicable. As has been 
pointed out before, it is quite likely that 
the ground conditions of the stroke may 
have a considerable influence on the phe¬ 
nomena taking place at the point of stroke 
contact, the wave shapes depending 
largely on the availability of charges; 
nevertheless, the conditions at average 
transmission lines with ground wires 
would not be much different from the Em¬ 
pire State Building as far as current peak 
wave shapes are concerned. However, 
maximum current amplitudes on trans¬ 
mission lines have reached considerably 
higher values than at the Empire State 
Building. 

The principal difference in the two 
cases would occur during the front portion 
due to the charge available in the building. 
Directly after this the building in effect 
becomes part of the stroke channel col¬ 
lecting charges from the surrounding 
areas. The differences may not be great 
because certainly there does not seem to 
be any lack of charge in some strokes to 
transmission lines. In such cases, there¬ 
fore, the charges must be collected in the 
immediate vicinity of the tower in order 
to produce such high amplitudes. Analy¬ 
sis of magnetic link records on transmis¬ 
sion lines indicates that stroke current 
fronts must be relatively steep in order to 
account for the measured distribution of 


currents in ground wires and towers re¬ 
mote from the stroke. 

In the case of the Empire State Build¬ 
ing, as well as on the transmission line 
with ground wires, the tail of the wave is 
greatly influenced by charges arriving 
from relatively long distances. Figure 15 
show's a current peak to the Empire State 
Building. 10 The oscillation on this cur¬ 
rent wave can be explained by calculating 
the arrival of charges or current waves 
from different points of the shore line of 
Manhattan. The minimum points of 
these oscillations present the arrival of 
these current waves which then are super¬ 
imposed on the tail end of the currents re¬ 
sulting from the superposition of the pre¬ 
viously available current flow from 
sources closer to the building. 

The time to the minima point has been 
analyzed for a period of years and was 
found to be very regular. These minima, 
therefore, must be due to fixed ground 
conditions and cannot be explained from 
changes in the lightning channel, which 
cannot be expected to be as regular. All 
the minima points are not always present. 
This indicates that at the time of such 
strokes, charges are not available at some 
locations, perhaps having been drained by 
a lightning discharge elsewhere. 

In the case of the Empire State Build¬ 
ing, it is not possible to calculate the in¬ 
dividual current components because of 
the unknown characteristics of pipe and 
cable systems which eventually make 
contact in the waters surrounding Man¬ 
hattan Island. 

However, a close correlation exists in 
the case of transmission lines, 11 see Figure 
16, where the current distribution can be 
calculated for a given stroke current, 
either by repeated reflections or more 
simply by equivalent circuits. 

The similarity between Figures 15 and 
16 is striking. The current peak and 
front largely depend on the charges avail¬ 
able close to the point of contact. The 
wave tail portion supplied from the region 
immediately close to the point of con¬ 
tact is relatively small in both cases 
(about 30 per cent in the stroke to the 
Empire State Building). The bulk of the 
charges is carried to the stricken object 
from a considerable distance. In the case 
of the Empire State Building indications 
are that charges were drawn from as far 
away ag 10 miles. Transmission line 
studies also indicate currents as high as 
5,000 amperes flowing in the ground wire 
five to ten spans distant from the stricken 
tower, although tower currents in these 
sections may be less than 1,000 am¬ 
peres. 

Calculations 12 were made for four 


strokes to determine the stroke wave 
shape from magnetic link data of currents 
in towers and ground wires. The crest of 
these calculated current waves ranged be¬ 
tween 57,000 and 100,000 amperes, the 
wave shapes between 7x25 and 2.5x70. 
the rate of rise between 13,000 and 31,000 
kiloamperes per microsecond. These 
values are well within the range of the 
data presented for current peaks at the 
Empire State Building. 

From such comparisons, one arrives at 
the conclusion that the use of the wave 
characteristics presented in the paper is 
well justified for calculations of lightning 
stroke performance on transmission lines. 

As previously explained, 2 the effect of 
the continuous current components may 
cause burning of the wire at the point of 
contact, may interfere with the operation 
of automatic reclosing equipment, and in 
isolated neutral systems may place high 
thermal stresses on arresters. In distribu¬ 
tion circuits this component may cause 
fuse blowing but due to the multiplicity 
of paths to ground, lightning arresters 
should not be affected by such discharges. 

Conclusion 

The information obtained during two 
separate periods of investigation gave re¬ 
sults which checked each other very 
closely. Comparison with data by other 
investigators indicates the validity of the 
data for application to direct stroke prob¬ 
lems on transmission lines. The stroke 
characteristics as they apply to the ground 
end of the stroke now' are well classified. 
Numerous problems remain to be solved 
concerning the exact physical processes 
involved in the formative state of the 
lightning stroke, the interaction between 
leaders and ground charges, the distribu¬ 
tion of current along the stroke channel 
during the return stroke, and cloud to 
cloud discharges. 
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Discussion 

H. L. Rorden (Bonneville Power Adminis¬ 
tration, Portland, Oreg.): The data pre¬ 
sented by the authors in their long-con¬ 
tinued study of lightning phenomena indi¬ 
cate the complexity of the nature of light¬ 
ning and the necessity for continued study 
in order that lightning phenomena may be 
understood thoroughly. This in turn must 
ultimately lead to a better understanding of 
method protecting transmission systems 
from lightning outages and damage. The 
efforts of these authors over a period of 
years has contributed a vast amount of in¬ 
formation that is of indispensible value to 
the industry. 

The Bonneville Power Administration has 
over 2,400 miles of 230-kv transmission 
lines that are not protected with overhead 
ground wires except for 1 mile adjacent to 
the substations. While most of the lines 
are located in an area of low isokeraunic 
levels, around the Grand Coulee Dam, 
definite areas exist in which the transmission 
lines average 3 to 4 outages per 100 mile- 
year. 


The primary method of prevention of 
sustained outages due to lightning hits 
has become high-speed relaying and high¬ 
speed automatic reclosing of 230-kv circuit 
breakers. The successful reclosing of the 
circuit breaker depends to a large extent 
upon the deionization time of the arc, and 
experience and experiments indicate that 
about 0.25 second dead time seems to be a 
practical minimum at the present time for 
230-kv lines. Thus the authors’ data indi¬ 
cating the existence of lightning currents of 
the magnitude and duration that may affect 
the time of arc deionization become of great 
importance. The authors’ ability to meas¬ 
ure and classify the data obtained leads to 
the conjecture as to how some of the data 
may be correlated with lightning strokes 
that occur on the transmission systems and 
with possible factory tests designed to 
show the equipment’s ability to withstand 
surges to which they are subjected in 
service as found by the authors of the paper. 

J. H. Hagenguth and J. G. Anderson : Mr. 
H. L. Rorden poses several questions beyond 
the scope of the present paper. The paper 


gives statistical data on direct-stroke cur¬ 
rents and some application of such data to 
grounded structures, such as ground-wire 
systems. 

The high-speed reclosing circuit breaker 
has considerable merit. The use of high¬ 
speed reclosing without ground-wire protec¬ 
tion undoubtedly has merit in regions where 
the lightning incidence is low. In regions 
with higher isokeraunic levels, a ground- 
wire system might be found economical by 
preventing a large number of temporary 
outages due to currents of low amplitude. 

Mr. Rorden does net state whether the 
practical minimum dead time of 0.25 second 
is due to continuous lightning currents or to 
other system characteristics. It would be 
interesting to have oscillographic data 
which would disclose the reasons for this 
rather long dead time. 

We believe that the lightning stroke cur¬ 
rent data now available can be used in 
many cases to calculate system behavior 
within engineering accuracy. The data 
indicate that present standard impulse 
waves are a very good representation of 
surge waves to which apparatus is exposed 
in the field. 
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Synopsis: Sleet loading on transmission 
lines became a serious problem during the 
early growth of the New England Electric 
System. As a result, a method was devised 
to prevent ice from accumulating on con¬ 
ductors of the then existing lines, and basic 
changes were made in the design of pro¬ 
jected lines for greater reliability during 
icing conditions. 

This paper describes the types of sleet¬ 
thawing operations developed for the pro¬ 
tection of lines vulnerable to damage and also 
power requirements, operating features, and 
safety precautions to both personnel and 
power-supply equipment. 

T HE first serious sleet trouble on lines 
of the New England Electric System 


occurred in 1916. During November 
1920, a sleet storm caused recurrent wire 
breakage in a 4-mile section of a 69,000- 
volt line running through the Berkshire 
Hills. This storm lasted for 5 days. A 
last desperate attempt was made to pre¬ 
vent further breakage after temporary re¬ 
pairs by using a heating current to clear 
the line of ice. While the success of this 
experiment was limited, it did provide the 
incentive for further studies and tests, so 
that in the following year lines equipped 
with thawing connections survived a 
storm which did widespread damage in 
western and central Massachusetts. 

A snow and wind storm in 1924 caused 


extensive damage to lines in southern 
areas, after which thawing precautions 
were extended to all high-voltage trans¬ 
mission lines of the system which are 
vulnerable to damage. In the following 
years, frequent use of sleet-thaw facilities 
has been applied, with the result that no 
repetition of the early disasters has occur¬ 
red. 

Following the widespread damage 
caused by sleet in 1921, system engineers 
made radical changes in the design of 
transmission lines for greater reliability 
during icing conditions. These improve¬ 
ments involved conductor configuration 
and greater structural strength of towers. 

The design of the more modern lines of 
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Figure 1. Modern 69,000-volt single-circuit 
suspension-type line with horizontal pole 
crossarm and high vertical pole for the ground 
wire support. This construction is designed 
to withstand all expected ice and wind loading 

conditions 

the system incorporates features and use 
of materials which provide an optimum 
economic protection against destruction 
by sleet. These are: 

1. Horizontal configuration of power con¬ 
ductors to avoid jump contacts when ice 
unloads from lines. 

2. Ground wires offset from the vertical 
over power conductors. 

3. Lower working tensions for conductors 
and ground wires. 

4. Flexibility in structures by the use of 
wood poles in both vertical and horizontal 
members.. 

A line having all of these features is illus¬ 
trated in Figure 1. No thawing arrange¬ 
ments are normally provided for such 
lines. The steel tower lines having most 
of these features have shown good per¬ 
formance during sleet storms experienced 
to date without thawing precautions. 
However, information is available so that 
a last stand emergency thaw can be made 
on 260 miles of such lines in a series con¬ 
nection should the occasion arise. 

Extent of Thawing Precaution 

All presently arranged thaws are for 
steel tower lines of the older designs and 
for the newer pole lines of light construc¬ 
tion serving the more important suburban 
loads. These include 450 circuit miles of 
69,000-volt lines and about 50 circuit 
miles of lower voltage circuits. The ex¬ 
tent of this sleet-thawing activity is 
shown geographically in Figure 3. 

650 Corey, 


The older tower lines, in general, are of 
pin-type construction or have vertical 
power conductor configuration. The 
lines having vertical configuration are the 
most vulnerable to service outages and 
structural failures by reason of the jump 
contacts which may occur when ice drops 
from the wires. The resultant burning re¬ 
duces the conductor strength sufficiently 
to cause failures under the added ice 
loads, and the consequential unbalanced 
loading on the towers causes their struc¬ 
tural failure. This is displayed in Figure 
2, wherein a tower line failed on a right-of- 
way alongside a pole line which remained 
undamaged by ice loading. 

The extent of thawing activities re¬ 
quires participation by over 40 men 
specifically assigned to these duties at 
27 scattered locations. 

Thawing Policy 

The primary purpose of thawing pre¬ 
cautions is to prevent an accumulation of 
ice on the wires rather than to melt after 
a build-up. This is not entirely feasible, 
due to the requirements for continuing 
service. However, the policy is to thaw 
too soon rather than too late, so that the 
accumulation on any particular line is 
that built up only during the interval of a 
schedule when the conductors are not 
carrying a heating current. 

Any indication of sticking is a sufficient 
reason to thaw. This is the general 
policy of the New England Electric Sys¬ 
tem. Thawing is considered as insurance 
for which a premium must of necessity be 
paid, that premium being the cost of 


labor and power for thawing and the tem¬ 
porary loss to service requirements of the 
lines and equipment involved. Guessing 
the weather by individuals or personal 
appraisals of storm situations are con¬ 
sidered inferior to making use of this in¬ 
surance. 

In the last 10-year period, the system 
employed thawing schedules in 202 in¬ 
stances. In review, some were undoubt¬ 
edly unnecessary, but the success in pre¬ 
venting damage justifies the action. Of 
these thawing operations, 70 were on lines 
in terrain of high elevation and the re¬ 
mainder were on lines at lower elevations 
where sleet conditions were prevalent in 
wide areas. 

Power and Equipment Requirements 

In general, a heating current is used to 
provide about 11 watts loss per foot of 
conductor, or 175 kw per circuit mile of 
line. A current of about 350 amperes is 
required for a 2/0 copper conductor when 
the ambient temperature is near the freez¬ 
ing point. Experience indicates that this 
is sufficient to clear a line of ice up to 1/2 
inch of radial thickness within 30 minutes. 
This requires a voltage on the lines thawed 
of 500 to 600 volts per mile at 60 cycles 
and of 300 to 400 volts per mile where 25- 
cycle thawing sources are available. 
When all present thawing schedules are 
employed, this presents a demand for 
27,000 kw and an equipment reservation 
of 100,000 leva, consisting of 80,000 leva in 
rotating machines and 20,000 leva of 
substation transformers. Reference is 
made to the voltage requirements for a 


Figure 2, Failure of 
tower on same right- 
of-way with wood 
pole line which re¬ 
mained undamaged 
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25-cycle heating current. This frequency 
is preferred for thawing rather than nor¬ 
mal frequency, due to the lower reactance 
and, hence, lower voltampere require¬ 
ments. To provide thawing for 97 circuit 
miles of 69-kv lines, 25-cycle equipment 
is available. 

Sleet Observation and Detection 

During periods of unstable weather 
conditions with snow or rain in the tem¬ 


Figure 3. Geographic location of lines 

thawed 


perature band from 25 to 35 degrees 
Fahrenheit, hourly reports are received 
from over fifty observation points, which 
are recorded on a special dispatcher’s 
sleet condition log at dispatching head¬ 
quarters. These reports include the tem¬ 
perature, the weather, and information 
concerning the 4 ‘stick” (or glazing) and 
whether the tendency is to build up or 
wash off. 


At the higher elevations, particularly in 
the Berkshire Hills (elevation 2,200 feet), 
local residents are employed to act as 
sleet observers. Frequent contact with 
the United States Weather Bureau has 
proven helpful in anticipating conditions 
which might result in sleet formation. 
This allows time for planning load alloca¬ 
tion for the release of lines which may 
have to be scheduled for thawing. 

A sensitive and reliable sleet detector, 
as introduced by Langdon and Marquis, 2 
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Figure 4. Graphical time representation of scheduled thaws 
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Figure 5. Diagrams 
of sleet-thawing con¬ 
nections 
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is used on 115-kv lines equipped with car¬ 
rier current relaying. This detection is 
made by comparing the carrier’s receiver 
signal strength during sleet-forming 
weather with a signal strength received 
when the wires are known to be clear of 
sleet. Due to skin effect, an accumula¬ 
tion of ice on the wires causes compara¬ 
tively high attenuation of the carrier 
signal. The amount of attenuation is in¬ 
dicative of the thickness of ice on the 
lines. Some interpretation of this indica¬ 
tion is required, based on a general knowl¬ 
edge of weather conditions in the ter¬ 
ritory. A judgment is made thereby as to 
whether a light accumulation is occurring 
over a long length of the line or a heavy 
accumulation in local areas. 

Detection of attentuation is accom¬ 
plished by inserting a resistor into the 
control grid circuit of the carrier receiver 
tube so that with a normal received 
signal, it operates at the top of its straight 
line portion rather than on the saturated 
portion of its characteristic. Reduction in 
signal voltage caused by sleet is then in¬ 
dicated on a milliammeter measuring the 
output current of the receiver tube. 

Sleet detection by this method is now 
available on 287 circuit miles of 115-kv 
lines. While the 115-kv lines are not usu¬ 
ally susceptible to damage by sleet, this 
indication is useful to determine specific 
areas in which sleet is forming. Suitable 
action can then be taken to protect any 
vulnerable lower voltage lines in the af¬ 
fected areas. 

Types of Thaws 

Three types of thaws are employed: 
scheduled, fixed, and supervised. 

Scheduled Thaws 

The first scheduled sleet thawing on the 
New England Electric System, and per¬ 
haps the first in New England, was con¬ 
ducted in 1921. It employed the usual 
means, now so commonly used, of at¬ 
taching a short circuit to one end of a dead 
line and connecting a generator to the 
other. By increasing the generator volt¬ 
age to a proper value, a current suffi¬ 
ciently high to melt sleet was caused to 
flow over the line through the short cir¬ 
cuit. 

Of particular interest in this pioneer 
thaw was the method then devised to 
thaw by schedule. All switching of lines 
out of service was done on a time basis as 
well as the attachment of the short cir¬ 
cuit, the connection of low-voltage gener¬ 
ators to terminal equipment, the build-up 
of thawing current, the back down, the 
generator disconnection, the removal of 


short circuits, the energizing of the line to 
normal high tension service, and the prep¬ 
aration of the next line to be thawed. 

These operations were done by refer¬ 
ence to a time schedule, and no communi¬ 
cation between stations was relied upon 
nor used in the procedure. 

The thought at that time was expressed 
by C. R. Oliver: “The success of the 
sleet-thawing arrangement depends upon 
the complete co-operation between the 
generating station and the station at the 
end of the line to be thawed. This co¬ 
operation normally requires telephone con¬ 
nection between the stations, but during 
sleet trouble the telephone lines are usu¬ 
ally the first ones to be put out of com¬ 
mission, so it was necessary to devise a 
means of working the sleet-thawing de¬ 
vice absolutely independent of telephone. 
Accordingly, a definite schedule was 


worked out for 24 hours whereby sleet 
could be thawed on any or all lines. 

“This schedule is independent of dis¬ 
patcher’s orders or telephone, and it 
functions even when all telephone con¬ 
nections have been completely wiped 
out.” 1 

Since 1921, the New England Electric 
System has extended the thawing sched¬ 
ules to include hundreds of miles of line 
with various combinations of tap line 
connections. The thought expressed in 
1921 is still an integral part of all sched¬ 
uled thaws, that is, that they shall func¬ 
tion without further communication. 

After the thaw has been started, there 
is no communication between plants with 
reference to this particular procedure. 
The thawing schedules include methods 
of procedure in the event that line failures 
occur during the thawing period, so that 
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service may be restored to stations served 
bv one or the other of two lines. This is 
accomplished by the indication of loss of 
voltage on any line, no current, or a pre¬ 
mature back down of thawing current. 
These are the indications that prompt the 
required procedure by the crews at the 
stations involved. 

Figure 4 is a graphical time representa¬ 
tion of the scheduled thaws. This dia¬ 
gram is a ready reference used by dis¬ 
patchers to keep informed as to the status 
of lines (A -1 , B-2, and so forth) in or out 
of normal service during the thawing- 
periods. Operators at the various sta¬ 
tions have written instructions to cover 
the timing and procedure of every switch¬ 
ing move conforming to this graphical 
time schedule. 

A 4-liour cycle is used on all scheduled 
thaws, which, in general, gives each of two 
lines 45 minutes of heat during the cycle. 

Examples of scheduled thaws, including 
system connections, are given in dia¬ 
grams, A, B, C, D, and E of Figure 5. 


Fixed Ti-iaws 

This type is used where schedule thaw¬ 
ing cannot be adapted to the system 
needs. In these cases, once the thaw is 
started, it remains for the duration of the 
storm, unless interrupted by a line failure. 
Communication facilities are used only to 
start and terminate the thawing opera¬ 
tions. Operating rules are established to 
restore service without intercommunica¬ 
tion as speedily as possible to any station 
without service as a consequence of a line 
failure. 

Diagrams F\ G, and H of Figure 5 are 
examples of the fixed type of thaw. 

Diagram G shows a. fixed thaw, whereby 
two feeders are tied together on the far 
end with one feeder opened at the station 
end. A synchronous condenser is oper¬ 
ated at the opened station end either 
overexcited or underexcited, depending on 
load and voltage conditions. Heating of 
conductors in this 20-mile series connec¬ 
tion is effected by the condenser current 
adding to the load current on these feed¬ 
ers. 

Supervised Thaws 

These thaws are switched under dis¬ 
patcher’s supervision completely and in¬ 
clude not only the usual short-circuit 
setup but adjustment of system reactive 
and load to effect increases in current over 
lines and feeders in dangerous areas. 
Complete communications are required 
for these supervised thaws, and the usual 
operating rules and tagging procedures 
prevail. Hence, the supervised thaw's are 
not as readily applied as those in the other 


Figure 7. Special safety con¬ 
nection box with jumper cables 
installed to a high-voltage 
transmission line 



categories; they are reserved for condi¬ 
tions of near emergency. 

Operating Features 

Because of the importance of maintain¬ 
ing strict adherence to the time schedule 
used in the thawing procedure, the reg¬ 
ular station operator on duty plays no 
part in the operation of the lines being 
thawed for the obvious reason that noth¬ 
ing must distract from the exact timing 
and appropriate action called for in the 
schedule. Off-duty operators are called 
in on an overtime basis and devote their 
full time and attention to the thawing 
procedure. Special sleet-thaw tags (dis¬ 
tinguished from the regular protective or 
blocking tags) are used on the control 
equipment of the apparatus involved and 
are placed thereon by a sleet-thawing 
operator. Such apparatus can be oper¬ 
ated only by the sleet-thawing operator, 
the regular station operator having no 
jurisdiction over the equipment. Two 
men must be present when temporary 
cables or short circuits are attached, the 
regular operator excluded. 

To insure proper understanding of the 
procedures, sleet-thaw practice runs are 
held in the early fall, at which time a com¬ 
plete cycle of thawing (4 hours) is con¬ 
ducted without communication and is 
witnessed by all men assigned to sleet¬ 
thawing activity, each at his home sta¬ 
tion. These sessions have proved bene¬ 


ficial over the years, since they give the 
newer men a practical demonstration of a 
procedure which, in the form of written 
instructions, seems formidable indeed. 

Diagrams of the various lines and con¬ 
nections used in the thawing schedule are 
supplied to all men on the tagging list. A 
sample of a diagram provided is shown in 
Figure 6. 

Safety Features 

Safety to personnel is an important 
consideration during sleet thawing, due to 
the emergency and off-routine nature of 
the operations. At the short-circuiting 
end of the circuit, safety is assured by in¬ 
stalling jumpers on a connection clear of 
the line and bus and previously tested 
dead. Safety precautions are more ex¬ 
acting at stations supplying the power for 
heating the lines. In the larger switch¬ 
yards, the crew handling the thawing 
connections is at a considerable distance 
from and often out of view of the sleet- 
thaw operator responsible for the opera¬ 
tion of the power-supply equipment. In 
these locations, special interlocks are 
provided between the thawing jumpers 
and controls for the power-supply equip¬ 
ment. These features were first installed 
in 1947. 3 

Interlocking between the yard crew 
and the controls operator is provided by a 
completely metal enclosed connection box 
for attaching the jumper cables from the 
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transmission line to the power supply cir¬ 
cuit. These boxes are equipped with 
hinged front doors which are all required 
to be in the closed position before the con¬ 
trol operator can energize the circuit over 
which the thawing current is provided. 
After doing so, all box covers are me¬ 
chanically locked in the closed positions. 
When the heating circuit is de-energized, 
the front doors may be opened again, and 
during an opening, contacts in the boxes 
operate to ground the supply circuit and 
to prevent the control operator from 
again energizing the circuit. 

This specially designed connection box 
with jumper cables attached to the high- 
voltage transmission circuit is shown in 
Figure 7. Details of the box, including 
grounding and interlocking safety fea¬ 
tures, are shown in Figure 8. 

Another safety consideration is pro¬ 
tection „to the low-voltage power-supply 
equipment in the event of accidental con¬ 


tact of a high-voltage transmission line 
being thawed with a voltage which might 
damage the insulation of the low-voltage 
equipment. It is recognized that during 
thawing operations, accidental contact 
might be made between the line being 
thawed and a line in service either by ab¬ 
normal sags at crossovers, or by out-of- 
time manual switching at a remote loca¬ 
tion. Such an accident might impose a 
severe overvoltage on the transformer or 
generator being used to supply the thaw¬ 
ing power. 

Safety to power equipment is pro¬ 
vided by the use of spill gaps calibrated to 
arc over to ground at a safe voltage be¬ 
low the withstand level of the equipment 
insulation. These gaps are glass-en¬ 
closed to assure their constant calibration 
free of sleet and atmospheric contamina¬ 
tion. As the glass is shattered during dis¬ 
charge of the gaps, a protective screen is 
installed to retain the glass fragments so 


as to avoid endangering nearby personnel 
and equipment. 

Two sizes of gap assemblies, designed 
to spill over at 12 kv and 20 kv, 60 cycles, 
are found to be adequate for power equip¬ 
ment used during present thawing- sched¬ 
ules. 

Conclusions 

The following summarizes the practices 
which have provided the successful opera¬ 
tion of the New England Electric Sys¬ 
tem’s transmission lines during the severe 
ice stonns experienced in the New Eng¬ 
land area. 

1. Utilize all available sources of informa¬ 
tion about weather during sleet-forming 
conditions. 

2. Initiate thawing operations on vulner¬ 
able lines in time to prevent an accumula¬ 
tion of ice rather than to melt after an 
accumulation has formed. 

3. Once initiated, thaw lines in accordance 
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with schedules without dependence on 
communications among stations. 

4. Assure reliability of thawing operations 
by safety features for both personnel and 
equipment. 

o. Design new lines to withstand maximum 


expected ice and wind loads without requir¬ 
ing thawing operations. 
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Discussion 

K. L. Althouse (Pennsylvania Water and 
Power Company, Lancaster, Pa.): The 
authors imply that better performance under 
sleet conditions can be expected from trans¬ 
mission lines using wood pole structures. 
Two steel tower lines with horizontal con¬ 
figuration designed for 1 /2-inch ice, 8 pounds 
wind, and temperature 0 degrees centi¬ 
grade, with no sleet-melting facilities pro¬ 
vided, have been in service on the Pennsyl¬ 
vania Water and Power Company’s system 
since 1932. There have been several severe 
sleet storms in this area since that time with 
sleet accumulations in excess of 3/4-inch 
radial thickness on these circuits. No 
trouble has occurred on conductors, ground 
wires, or structures as a result of these 
storms. 

The authors state that for a 2/0 copper 
conductor, 350-ampere heating current is 
sufficient to clear up to 1 /2-inch radial ice 
when the ambient temperature is near the 
freezing point. Our experience has shown 
that to insure complete clearing of ice from 
2/0 copper conductors, 450 amperes for a 
40-minute period are required during the 
average sleet storm. During serious sleet 
storms with temperatures of —2 to —4 de¬ 
gree centigrade and high wind velocities, the 
current must be increased to 485 to 500 am¬ 
peres to be effective. 

Reference is made to detection of sleet 
accumulation by means of received carrier 
signal strength. This method has been 
studied on the 66-kv lines operated by the 
company. The results were very unsatis¬ 
factory, since when no sleet formation is 
present, fog and mist will cause a change in 
the attenuation of the carrier signal similar 
to that caused by sleet formation. 

To facilitate application of heating cur¬ 
rent, it is believed better to provide a special 
sleet bus with the required disconnectors to 
each circuit. These special sleet discon¬ 
nectors should be interlocked with the cir¬ 
cuit line disconnectors and with the ground 
switches. 

Installation of special spill gaps to pro¬ 
tect equipment used for sleet melting from 
overvoltage has not been felt necessary on 
the Company’s system. Sleet melting has 
been a routine procedure on the 66-kv lines 
of this transmission system since 1915 and 


no equipment damage due to overvoltage 
has been experienced. Sleet melting is dis¬ 
continued when lightning is prevalent. 
However, since the occurrence of sleet and 
lightning together is very rare, this is of 
minor consequence. 


O. A. Browne (Western Massachusetts 
Electric Company, Turners Falls, Mass.): 
This paper contributes considerable prac¬ 
tical experience on a subject of which the 
theoretical aspects are very difficult to in¬ 
terpret. 

Our experience has been that sleet occurs 
only when conditions are exactly right and 
the following conditions exist: 

1. The temperature of the air is very 
near 29 degrees Fahrenheit. 

2. The fair is stratified and little or no 
wind is blowing. 

3. Sleet is more apt to occur with a rising 
temperature than a failing one. 

4. Conditions above the ground and in 
the upper air decide whether sleet forms or 
the precipitation comes down as rain or 
ice. 

The formation of sleet is apt to be con¬ 
fined to a fairly narrow area, often less than 
a half a mile in width. This feature makes 
spot checking by reporters somewhat unre¬ 
liable and the use of loss of carrier signal is 
very desirable. 

The New England Power Company has 
made ingenious and effective use of every 
method of getting enough current in the line 
wires to keep them from coating and also 
to melt the immediate accumulation. 

Our own experience covering 15 years has 
been confined largely to thawing on a pair 
of 115-kv lines from Turners Falls to Pitts¬ 
field, a distance of 34 miles of 2/0 copper. 
We have been able to secure about 325 am¬ 
peres per line by connecting a 15,000-kva 
transformer directly to the line at 22 kv and 
short-circuiting the further end by means of 
gang-operated grounding switches. This re¬ 
quires about 6,000 kilowatt-hours per hour. 
This is done by sleet operators on a time 
schedule similar to that used by the New 
England Power Company. 

Our practice has been “When in doubt 
thaw.” This has required thawing on an 
average of four to five times during the 
season from November through March. 


In 15 years we have had no occasion in 
which lines gave us trouble if thawing was 
started promptly and continued until con¬ 
ditions changed. 


C. P. Corey, H. R. Selfridge, and H. R. 
Tomlinson : The authors are grateful to Mr. 
Althouse and Mr. Browne for their discus¬ 
sions of this paper. Mr. Browne’s experi¬ 
ences with and practices in combating sleet 
are analogous to those of the New England 
Electric System. 

The use of wood poles is one feature of 
many which have provided an economic 
protection to our modern lines against de¬ 
struction by sleet. It is indeed fortunate 
that wood poles have the combined ad¬ 
vantages of providing electrically a high 
strength to lightning impulses, and mechan¬ 
ically a high resistance to sleet damage, in 
addition to being a means for an economic 
construction of lines. Steel tower lines of the 
New England Electric System with hori¬ 
zontal configuration also have withstood ice 
loads in excess of their design loadings with¬ 
out thawing precautions. However, the 
statement that the use of wood poles is one 
feature which provides an optimum eco¬ 
nomic protection against destruction by sleet 
is valid. 

The authors recognize the need for adjust¬ 
ing heating current to conditions experienced 
in other geographic locations. 

The use of safety spill gaps for equipment 
protection has proved to be good insurance 
against the loss of thawing power equipment 
by overvoltage. These gaps have been in¬ 
stalled primarily to protect against dynamic 
overvoltages, although they are equally as 
effective in discharging impulse overvolt¬ 
ages should any lightning occur during the 
thawing schedules. Their value was dem¬ 
onstrated in one instance when, by a 
switching error, a voltage of 66 kv was im¬ 
pressed on a line being thawed with a power 
supply from an 11-kv generator. The gaps 
operated to trip the 66-kv line without dam¬ 
age to the generating equipment. 

The authors agree that an attenuation of 
the carrier signal needs an interpretation 
based on prevailing conditions. However, 
during sleet-forming weather, it provides 
another source of information which alerts 
the operators and by which the general con¬ 
ditions may be appraised. 
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A Passive Compensator for Voltage 
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M OTOR starting on secondary dis¬ 
tribution systems frequently re¬ 
sults in undesirable lamp flicker. A drop 
of two volts will produce a perceptible 
lamp flicker for a 120-volt 100-watt tung¬ 
sten filament lamp. 1 There are numerous 
cases of rural customers located at the end 
of long primary extensions where motor 
starting and running produce objection¬ 
able reductions in the utilization volt¬ 
ages. 

Lighting systems are not the only type 
of loading which may be subjected to 
voltage surges due 1 to switching of other 
parallel loads. Many sensitive experi¬ 
mental laboratory circuits require con¬ 
stant or nearly constant voltage sources 
with a minimum of wave-form distortion. 
An elevator operating from a secondary 
system supplying other loads can cause an 
often-repeated and annoying voltage dis¬ 
turbance, as was the case in the circum¬ 
stances described in this paper. 

The electrical engineering laboratories 
of the University of Minnesota are sup¬ 
plied from a 3-phase transformer bank of 
single-phase units. The building freight 
elevator motor is also supplied from this 
same bank. The effect of the elevator 
operation on the laboratory supply system 
was recently made more pronounced by a 
change in the building service from a 
120/240-volt delta bank to a 120/208-volt 
Y-connected bank. The laboratory utili¬ 
zation voltages are 240 volt 3 phase, 120 
volt 3 phase, and 120/240 volt single 
phase. The change-over of several 
campus buildings to a 120/208-volt serv¬ 
ice necessitated an additional trans¬ 
former bank between the main vault and 
the electrical engineering laboratory dis¬ 
tribution panel. The diagram of Figure 1 
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mission and Distribution Committee and approved 
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shows the present arrangement used to 
feed the electrical engineering laboratory 
system. 

Previous Developments 

A wide variety of voltage regulators and 
stabilizers have been devised for applica¬ 
tion on distribution systems. Step-volt¬ 
age regulators are in common use on pri¬ 
mary distribution systems but are of 
little value for local voltage regulation 
where the disturbing element is a motor or 
any other parallel load. Application of 
such a regulator at the load location to 
control the secondary voltage is costly and 
because of its relatively slow response it 
cannot eliminate the transient voltage 
drop. 

Synchronous-synchronous motor-gen¬ 
erator sets are sometimes employed for 
laboratory service and may provide an 
excellent stable voltage source. They are 
bulky and expensive, however, and un¬ 
less an extremely stable source is required 
are not economically justified. 

The electronic voltage regulators now 
commonly employed are generally quite 
satisfactory for the supply of relatively 
small loads. For applications requiring 
the elimination of local switching surges 
but where some long-time voltage drift 
can be tolerated, the electronic regulator, 
may not be feasible economically. This 


would be particularly true where loads 
as large as 50 kva are involved. 

Another method of voltage regulation 
involves the insertion of a fixed value of 
voltage boost in a circuit at the time of 
load switching. This is somewhat in¬ 
flexible and does not always allow for 
variation in the magnitude of the load 
being switched. 

Automatic voltage compensators have 
been devised for resistance welding con¬ 
trol. 2 Most of these devices do not ac¬ 
tually regulate the line voltage but are 
used in conjunction with phase-controlled 
welding circuits to advance or retard the 
firing voltages of ignitron-type tubes. 

A static voltage regulator utilizing 
series and parallel combinations of capac¬ 
itance and inductance has found some 
application on single-phase circuits and 
on 3-phase 4-wire Y systems. 3 This type 
of regulator employs a nonlinear reactor 
and limits voltage changes to =±=0.5 per 
cent for a 30-per-cent variation in line 
voltage. It has an efficiency of about 90 
per cent in a 1-kva size and produces con¬ 
siderable and undesirable wave-form dis¬ 
tortion at light loads. 

An automatic voltage regulator utiliz¬ 
ing ferroresonance has been patented by 
P. H. Craig. 4 This device does not reg¬ 
ulate the whole voltage but uses a small 
booster transformer and regulates only 
a small part of the total voltage. 

vSeries capacitors can be used to im¬ 
prove steady-state voltage stability, but 
transients are not suppressed and they 
present some protection problems. The 
possibility of self-excitation and resulting 
instability of induction motors fed from 
lines containing series capacitors must 
also be considered in such applications. 5 

All of these voltage regulators produce 
a more or less constant load voltage as the 


TO LABORATORIES 



Figure 1. Supply circuits for Electrical Engineering Department laboratories 
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load itself is varied. In certain applica¬ 
tions it may be allowable to permit a drop 
in the voltage supply to the disturbing 
load and to compensate only for the volt¬ 
age reduction of the associated load. 

For combined lighting and motor loads, 
or for any combination where the switch¬ 
ing of a portion of the load causes dis¬ 
turbance on the remaining load (assuming 
that the power supply itself is steady), a 
voltage regulator consisting of a very 
simple transformer device may be used to 
eliminate voltage drops to the steady 
loads associated with switched loads. 

Theory of the Passive Compensator 

The analysis of the inductive line-drop 
compensator is carried out easily by means 
of the F-equivalent for the transformer, 
Figure 3, in which there is no inductive 
coupling between —M, L s +M and L v + 
M. To achieve perfect compensation for 
the line drop caused by L it is necessary 
only that the mutual inductance —M 
of the transformer be made equal to the 
line inductance L . Then L~M— 0 and 
no voltage drop takes place between ter¬ 
minals 5-6 and 3'~4. It is thus seen that 
the two loads connected to 3'-4 are con¬ 
nected to a bus of zero internal impedance 
and consequently the loads cannot inter¬ 
fere one with the other. If the loads are 

Figure 4 (below). T-equivalent of a compen¬ 
sator applied to a circuit having resistance and 

inductance 


approximately of the same size, L s and 
L p appropriately may be made equal and 
if the coupling between the transformer 
coils is very close, the mutual inductance 
M will be only slightly less than L S ~L P . 
Under these circumstances the design 
takes the form of a center-tapped auto¬ 
transformer, with the center tap con¬ 
nected to the line whose reactance is to be 
compensated. 

When the source from which power is 
drawn contains resistance, as well as in¬ 
ductive reactance, see Figure 4, the prob¬ 
lem of compensating for line drop is not 
only more complicated but it can be 
achieved only in part. If the magnitude 
of the load voltage is to be maintained 
constant, some shift in phase must be al¬ 
lowed. However, a useful degree of com¬ 
pensation is possible over a fairly wide 
range of load and power-factor values. 

The current and voltage phase rela¬ 
tions involved in line-drop compensation 
are shown in Figure 5. This diagram re¬ 
lates only to the effects of the current 
taken by one load on the voltage of its as¬ 
sociated load. The open-circuit voltage 
7 34 of Figure 4 is taken as the reference. 
When a current h 4 is supplied to load A 
and no compensation is made for the line 
drop, the voltage across points 3-4 and 
1-2 becomes Vu- With the same current 
supplied to load A, the use of a line-drop 
compensator would provide a compensat¬ 
ing potential of value The re¬ 

sultant voltage across points 3'-4 would 


is, of course, possible to design a com¬ 
pensator unit with a value of X m such 
that Vz '4 is either greater or less than F 34 
for stated values of line impedance, load 
current, and power factor. 

Single-Phase Compensation 

By way of preliminary experiment a 
small compensator unit was designed for 
use with a 5-horsepow r er 110-volt single¬ 
phase repulsion-induction motor. This 
motor was operated from a 120-volt cir¬ 
cuit and when placed directly across the 
line reduced the voltage from 120 volts to 
110 volts during the starting period. Ap¬ 
plication of one compensator unit occupy¬ 
ing a volume of only 32 cubic inches re¬ 
duced the voltage fluctuation to less than 
1 volt. 

Application to a 3-Phase System 

The problem dealt with in this paper 
was brought into focus by a disturbance 
caused by a 3-phase elevator motor to 
certain constant loads which were very 
sensitive to voltage changes. The motor 
is a 22-horsepower 220-volt wound-rotor 
machine which has an operating current 
of approximately 60 amperes at a power 
factor of 60 per cent. 

Let us consider this special circuit and 
associated loads. Referring to Figure 1, 
the source of the utilization voltages was 
a transformer bank of three single-phase 
50-kva transformers, and the disturbing 



Figure 6 (right). 
Voltage chart show¬ 
ing reduction of 
voltage fluctuation 
achieved by appli¬ 
cation of line-drop 
compensator 
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Figure 7 (left). 
Compensator unit 
designed for use 
with a 22-horse¬ 
power 220-volt 
induction motor 


Figure 8 (right). 
An installation 
of line-drop com¬ 
pensators on a 3- 
phase system 



R. S. Phair. Electrical Engineering (AIEE Trans¬ 
actions), volume 62, November 1943, pages 701-05. 


load was the elevator motor. The voltage 
sensitive loads which were to be pro¬ 
tected against voltage fluctuations were 
the various research and experimental 
laboratories supplied from lines 1-3-5, 
The use of passive line-drop compensators 
such as described in this paper proved to 
be a satisfactory solution to this par¬ 
ticular problem of voltage fluctuation. 

Design and Application 

In order to carry out the design of the 
compensators for this installation on 
something other than a cut-and-try basis, 
the supply system resistance and react¬ 
ance per phase were determined, and 
measurements were made to determine 
the starting current, running current, and 
power factor of the elevator motor. The 
design took the form of a center-tapped 
unit and the assumption was made that 
X v — X s =X m . The required value of X m 
was calculated to be 0.05 ohm, which can 
be shown to give good compensation dur¬ 
ing the starting period as well as during 
the running period of the elevator motor. 
The voltage chart shown in Figure 6 
illustrates how effective these compen¬ 
sators are in reducing voltage fluctua¬ 
tions. 

In the design of the unit some balance 
between magnetic circuit length, cross 
section, and saturation must be obtained. 
An exciting current of 110 amperes during 
the motor starting period dictates the use 
of an air gap, the alternative being a mag¬ 
netic circuit of disproportionate length. 
The air gap allows a very convenient 
means of adjustment of the compensators 
for operation with various types of loads 
after permanent installation. 

A single unit is shown in Figure 7, and 
the final installation in Figure 8. The 
average length of the magnetic circuit for 
each core is 9 inches and the cross-sec¬ 
tional area 1.5 inches. An air gap of 0.016 
inch gave very good operating results for 
the particular power source and motor in¬ 
volved. The coils were wound of copper 


strap and the windings divided between 
the two core legs. The over-all dimen¬ 
sions of each unit are 4 inches by 4 inches 
by 4 inches, exclusive of the bus connec¬ 
tion, and each weighs 5 1 /* pounds. 

Conclusions 

Voltage fluctuations produced at one 
load by the switching of another asso¬ 
ciated load can be greatly reduced by the 
use of a simple transformer device herein 
described as a line-drop compensator. 
For supply lines whose impedances are 
principally inductive with relatively small 
resistive components, near-perfect line- 
drop compensation can be achieved. The 
compensation applies not only to steady- 
state but also transient disturbances. 
Where the line resistance is not negligible, 
good steady-state compensation is still 
possible over a wide range of load current 
and power factor values. 

One of the most attractive features of 
this type of compensation is the sim¬ 
plicity, compactness, and low cost of the 
unit. It may be expected that little 
maintenance will be required on this de¬ 
vice since it is simply a low voltage auto¬ 
transformer. 

Nomenclature 

Xl ~ inductive reactance of distribution 
system 

R —resistance of distribution system 
X s = inductive reactance of compensator 
winding in series with load B 
X v — inductive reactance of compensator 
winding in series with load A 
X m = mutual reactance of compensator unit 
Fi 2 = potential drop across load B 
Vu ~ open-circuit voltage at load point 
Vu— voltage on lines with no compensation 
Vz\~ voltage on lines with compensation 
/ 3 4 = current taken by load A 
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Discussion 

W. C. Wegner ( Northern States Power Com¬ 
pany, Minneapolis, Minn, j: This is a very 
interesting application and could prove to 
be of considerable value in many instances. 
One logical question arises, however, What 
happens to the voltage regulation on each 
load as the load itself is varied? It would 
appear that as a result of the installation of 
compensator units the input impedance 
would be increased at each load point and 
in the case of a center tapped unit the line 
reactance would be approximately doubled. 


P. A. Cartwright: The question raised by 
Mr. Wegner is naturally of concern in the 
compensator application. In the case of 
unity power-factor loads, such as lighting, 
doubling the line reactance affects the volt¬ 
age regulation very little. The voltage reg¬ 
ulation on motor loads would be affected 
somewhat, but this would not be a critical 
matter in many cases. Thus the use of pas¬ 
sive compensators with combined motor and 
lighting loads, where the loads can be split 
and each fed from a compensator leg, should 
prove quite satisfactory. In other cases the 
load being subjected to voltage flicker may 
itself be of a relatively high impedance arid 
an increase in the line reactance would be of 
no concern insofar as its own voltage regula¬ 
tion is concerned. 

One might consider a rather general case 
where a load of value P is being supplied from 
a line of inductance L. If a center tapped 
compensator unit is now employed with 
M—L—Lp —L s and the load equally divided 
between each leg, then each portion of the 
original load will see approximately 2L as 
the line inductance. But since each load 
portion is now only P/2 the voltage regula¬ 
tion on each portion will be essentially the 
same as it was originally on the total load 
P. 
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T HIS paper, the second of two, is in¬ 
tended to emphasize the relaying 
techniques involved in the subject. The 
first paper 1 discussed the carrier tools 
available, their respective advantages 
and limitations, and some of the control 
problems introduced by joint usage for 
nonrelaying functions. 

Principles and Limitations 

There are three recognized principles 
used in carrier relaying, namely: 

1. Transferred signals, which are used to 
trip remote circuit breakers directly, or to 
expedite such tripping. 

2. Phase comparison by a carrier pilot 
channel. 

3. Directional comparison, which also is 
referred to as the blocking type. 

Any of these principles must be applied 
with attention to the local conditions 
under which it must function. Thus, in¬ 
attention to features of detail design, as in 
trip and control circuits, in some cases 
may hold lines, equipment, or protection 
schemes out of service unnecessarily, and 
in others will provide the operating per¬ 
sonnel with numerous special features to 
remember and watch. Such instances, 
plus random difficulties, can build up an¬ 
tipathy to any type of relaying, carrier in¬ 
cluded. 

The present standard forms of items 1, 
2, and 3 will not be discussed in detail, but 
the present common usages and limita¬ 
tions follow. 

Transferred Signals 

To date, these have been used prin¬ 
cipally for protection of terminal equip¬ 
ment. In some installations considerable 
transmission-line protection has been ob¬ 
tained. These by-product operations fre¬ 
quently outnumber those for terminal 
equipment failures. 

In principle, at one line terminal the 
primary relajrs must, without remote as¬ 
sistance, recognize a fault condition and 


transmit a signal to one or more remote 
terminals to trip or expedite the tripping 
of remote circuit breakers. The remote 
terminals always must be receptive to 
these transferred signals, hence there is a 
continuous exposure to spurious signals. 
Such signals may originate from system 
noises or defective carrier equipment or 
combinations of the two. To minimize 
this exposure, or the effects of it, the fol¬ 
lowing safeguards have been used: 

1. Highly selective receivers. 

2. Time delays at the receiving end. 

3. Coded signals. 

4. Continuously transmitted holding or re¬ 
straining signals. 

5. Fault detection at the receiving end, 
that is, the circuit breaker tripping is 
expedited, but not completed, by a received 
operating signal. 

The presently accepted means of trans¬ 
ferring signals are: (a) narrow-band fre¬ 
quency-shift signals; 2 (b) audio tones by 
amplitude modulation with safeguard 2 or 
4, or both. Audio tones also can be trans¬ 
mitted by single side-band or frequency 
modulation, perhaps with some gain in re¬ 
liability. 

The unique feature of transferred sig¬ 
nals is the continuous exposure at the re¬ 
ceiving end, safeguard 5 possibly ex¬ 
cepted. In contrast, phase-comparison 
and directional-comparison schemes are 
active only a few seconds out of a year, 
hence offer entirely different problems in 
reliability because of their long inert 
periods. 

Thus, a receiver used directly for cir¬ 
cuit-breaker tripping is something like a 
safe with an unknown combination. It 
could be opened by random twirling of the 
knob, perhaps quickly, perhaps after an 
indefinitely long time, but there is al¬ 
ways a finite probability, however small, 
that it will be opened in a given time. 
Similarly, there is always a possibility 
that a spurious trip signal will get past the 
safeguards. Assume that a given scheme 
will trip on a spurious signal once in 100 


vears (for present schemes this is probably 
optimistic). A large utility with 100 
installations could expect then a random 
trip once a year on the average, and two 
or three in one year should not surprise 
an 3 r one, but would probably do so. 

To date, it has been questioned as to 
whether transferred signals for transmis¬ 
sion-line protection channeled over the 
protected line can get past an intervening 
fault. There are little actual data on 
this. A rather limited experience indi¬ 
cates to the authors that the signals do 
pass by faults. Can others corroborate 
this from experience or tests? Alternate 
signal transmission paths are used in a 
few cases. These may be obtained from 
alternate lines either independently, or by 
intercircuit coupling. Microwave trans¬ 
mission is an obvious alternate. 

To give high-speed protection to a 
transmission line by transferred signals, 
the trip signals must be initiated quickly 
for faults anywhere on the line. This 
means that every fault must be in at least 
one first (instantaneous) zone. For inter¬ 
phase faults this is readily attainable ex¬ 
cept for short lines and a few special cases 
of multi terminal lines. For single line- 
to-ground faults it is not common practice 
to provide such primary relaying. High¬ 
speed, independently acting ground relays 
have a tendency to be rather complex, 
but a more important reason for the lack 
of ground relay progress is that phase- or 
directional-comparison carrier relaying 
has been available to provide the desired 
quick action—up to the stage where the 
line problems get beyond the basic capa¬ 
bilities of either type. If transferred sig¬ 
nals are to he developed further, some ad¬ 
ded attention will need to be given to the 
relays which initiate the signals. 

Phase Comparison 

A carrier channel is used to transmit 
pulses corresponding to components of 
line current as registered at remote ter¬ 
minals in order that the local and re¬ 
motely transmitted components may be 
compared as to time phase status. 

The comparison could be made contin¬ 
uously for each phase wire of the line, but 
it is not American practice to do so. In 
France continuous comparison on in¬ 
dividual phases is practiced. If rede¬ 
signed carrier or microwaves should give 
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Figure 1. A directional- 
comparison scheme for 
a short 3-terminal line 


PC—phase current relays 

PUV—phase undervoltage relays 

PPD—polyphase directional relay 

GD—ground directional relay 

CG—ground current relay 

RRH, RRT—receiver relay coils; H—hold, 

T—trip 


RRG, PRP—receiver relay contacts; G— 
ground, P—phase 

TCG, TCP—trip contactors; G—ground, 

P—phase 

B—bleeder resistors (to activate contacts) 

T—trip coil 


us sufficient channels, 5 it would be inter¬ 
esting to attempt similar adaptations, 
which would avoid some of the functions 
which American practice must provide, 
namely: 

* 

1. Reducing polyphase line currents to 
single-phase quantities. 

2. Setting a level for initiation of signal 
transmission. 

3. Setting a level for comparison to begin. 

4. Setting an angle of discrimination. 

5. Providing tripping action on an un¬ 
favorable comparison (internal fault or no 
remote signal). 

These functions are combined in several 
ways, resulting in several schemes, with 
one thing in common: An attempt at a 
given terminal to compare with a non¬ 
existent remote signal will result in trip¬ 
ping when the local line current com¬ 
ponents exceed certain limits. The co¬ 
ordination of function 2 with 5 puts 
limitations on the sensitivity of the 
scheme. 

Consider protected lines having tem¬ 
porary large currents for the prevention 
or melting of ice coatings. Function 2 
would normally be set above normal load, 
but not above ice prevention current. 

Case L The operators have advance 
warning that line currents above the 
signal initiation level are due. Some or all 
of the following options then should be 
available: 

a. To operate with continuous pulse trans¬ 
mission. See Case II for a change to make 
this much safer. 

b. To raise the initiation level of the 
scheme. This can be done, by shifting to 
higher ratio line current transformer taps, 
which also prevents overheating of relay 
and meter equipment and keeps indicating 


meters on scale so that current levels can 
be watched. The authors do not know of 
any such provisions now in service, but 
recommend them. 

c. To eliminate positive phase sequence 
components of line current from comparison. 
Load currents then will be avoided in phase 
comparison. The combination scheme in a 
recent paper 3 does this inherently, but 
barring this or (b) it should be put on the 
operator’s control switch. 

d. To take the scheme out of service. A 
control switch for this is standard, and by 
modern standards its first off-normal posi¬ 
tion should open only the trip circuit. 
Suspension or limitation of carrier initia¬ 
tion as for (c) then can be on a subsequent 
position, including trip circuit restoration. 

Case II. An operator finds that the 
scheme is transmitting continuously. On 
present schemes, when this occurs, he 
no longer can test the strength of the car¬ 
rier signal received from the remote end 
(unless double frequency operation is used 
with wide spacing). Furthermore, he has 
lost the push-to-talk communication 
channel with respect to the remote ter¬ 
minal, and may have no alternate. Thus, 
his' safest procedure is to open the local 
trip circuit and ask the power supervisor 
to unload the line to less than the trans¬ 
mission dropout. 

If he could watch the remote signal 
strength, he would be able to use more 
discretion. There are gaps between the 
pulses of locally transmitted carrier. It is 
thus theoretically possible to meter the 
remote signal in these gaps, and it may 
well be quite practical to develop such 
metering. If this is done, Case II be¬ 
comes analogous to Case I. 

Developments such as the one just de¬ 
scribed would extend the applications of 
phase comparison somewhat, as it would 
be practical to operate closer to expected 


loads and to keep protection on the line 
during ice storms and during the subse¬ 
quent ice melting procedures. 

Directional Comparison 

This class of carrier relaying has under¬ 
gone the most development of the three 
classes, or at least it has the most numer¬ 
ous variations around the same basic 
principles. Fundamentally, directional 
elements, which may be polarized by cur¬ 
rent or voltage, are to indicate whether 
the fault is on the line or elsewhere. A 
flow of current out of the line at one ter¬ 
minal tends to indicate an external fault, 
and that terminal sends carrier (or a 
modulation thereof) to restrain the re¬ 
mote terminal or terminals. For faults on 
the protected line no terminal should 
transmit, so that sensitive local elements 
can set up tripping without restraints. 

Conventionally, distance-type relay 
elements are used to control carrier for in¬ 
terphase faults, that is, the directionality 
is supplemented by distance measure¬ 
ment. Since the same elements usually 
have other functions, compromises must 
be made. For example, the non-carrier 
directionality of the third zone may be re¬ 
versed or abandoned. Also, it may be 
necessary to lengthen one or more set¬ 
tings into the region of tripping on load or 
load swings. Thus, in some instances the 
third zone may be limited to carrier con¬ 
trol only. 

Considering the two types as used cur¬ 
rently, directional comparison in general 
could be kept in service up to higher 
values of sleet prevention current than 
phase comparison relaying. The differ¬ 
ence is offset in two respects: 

1. The compromises in settings for direc¬ 
tional-comparison carrier control tend to¬ 
ward greater load sensitivity on backup 
elements. 

2. Backup elements trip without warning. 
In contrast phase comparison can be ex¬ 
pected to warn by initiating carrier without 
tripping. 

When line currents are set up high 
enough to melt ice, as distinct from pre¬ 
vention, present practices are to leave 
some lines without protection or to bring 
into service special relays. Undervoltage 
and neutral relays are used, as they are 
not dependent on line current trans¬ 
formers. If provision should be made to 
use special current-transformer tap ratios 
as proposed here, both phase and direc¬ 
tional comparison would have greater 
ranges of usefulness. 

In directional comparison, the carrier 
ground relays conventionally control the 
same signal as the phase relays and may 
be given more or less preference in con- 
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trolling it. These relays are affected by 
spurious ground fault currents and volt¬ 
ages, such as those resulting from zero 
phase sequence coupling to other lines, 
and from line and transformer phenomena 
in the closing and opening of circuit 
breakers. The zero phase sequence induc¬ 
tion can be offset by potential polariza¬ 
tion. 

The phenomena on closing and opening 
circuit breakers will be designated as 
transition phenomena, and will be divided 
into two classes: 

1. If circuit breakers are not operating as 
intended, the pole times may differ by 
cycles or even seconds. 

2. If circuit breakers are well adjusted, 
the electrical properties of the system, with 
attached instrument transformers, nonethe¬ 
less yield quite a range of phenomena. 
Thus, if three poles open at current zeros 
or close at voltage maxima, they will be 
120 and 240 electrical degrees apart. This 
is ideal switching, with minimum, but not 
zero, transition phenomena. The other 
extreme is shown in an oscillogram which 
was presented in the discussion of an AIEE 
Transactions paper. 4 In that instance ap¬ 
parently all poles closed in 120-degree se¬ 
quence, but at voltage zeros. The results 
were rather surprising. Most switching is 
somewhere between the extremes. It is the 
opinion of the authors that directional com¬ 
parison is more susceptible to transition 
difficulties than phase comparison. They 
do not imply that the latter is immune. 

For increased security of directional 
comparison against circuit-breaker transi¬ 
tions there probably should be a full set 
of potential transformers on each line at 
each terminal (connected star-delta). 
For economy, these are not always pro¬ 
vided. An alternative to this would be 
the use of a combination of phase-com¬ 
parison and directional-comparison 
schemes, as proposed in a recent AIEE 
paper. 3 If directional comparison is 
limited to interphase faults, a V V set of 
potential transformers may suffice for 
several lines on one bus. Phase compari¬ 
son is thus to be used for ground faults 
only, minimizing the difficulties on load 
currents and spurious ground fault cur¬ 
rents. 

Lines which are too short for the ap¬ 
plication of distance relays are a special 
problem. Because of physical barriers or 
high induced pilot-wire voltages, pilot- 
wire relaying may not be practical. Phase- 
comparison carrier relaying may be prac¬ 
tical for short 2-terminal lines, but not al¬ 
ways for 3-terminal lines. In seeking the 
solution of such a problem the directional- 
comparison scheme of Figure 1 was pro¬ 
jected. It was never installed, as the line 
layout was changed. In this scheme direc¬ 
tionality is supplemented by undervolt¬ 
age, instead of distance. Hence, it is ap¬ 



Figure 2. Joint usage by frequency inversion 

Vt— voice (or other non-relay service) transmitter 
Rt— relay transmitter 
Rr— relay receiver 
Vr— voice receiver 

Rc—relay controls (phase or directional comparison) 
fi, h —basic carrier frequencies 


plicable to any line on which the voltages 
at the various terminals do not diverge 
much during faults, that is, a short line or 
a somewhat longer one with low fault 
currents. The contacts in Figure 1 are 
positioned for a de-energized network. 
The undervoltage relays are to be con¬ 
nected interphase, on line potential trans¬ 
formers, and are to be set to ignore single 
line-to-ground faults. The phase current 
relays are to be set 10 or 20 per cent of 
full load and deactivate carrier when the 
line is de-energized. The scheme is de¬ 
signed to avoid timing races between con¬ 
tacts at a given terminal, which is a de¬ 
sirable feature for any directional-com¬ 
parison scheme. 

The carrier spectrum is crowded, and is 
becoming more so. One remedy is more 
selectivity in carrier receivers. This can 
be done for directional comparison by 
substituting two frequency shift channels 
for keyed carrier as in Figure 7. In gen¬ 
eral, non-relay usages cannot be com¬ 
pressed in this way, nor can phase com¬ 
parison. Therefore joint usage of chan¬ 
nels seems inevitable, as in Figures 2, 6, 
and 7. This adds the advantage of con¬ 
tinuous monitoring of relay channels, but 
also introduces several special problems. 

Special Problems of Joint Usages 

It was pointed out in the first paper 
that the facilities of relay carrier could be 
used jointly in varying degrees for other 
purposes, such as communication, sleet 
detection, and so forth. In practice, the 
installations in which there is absolutely 
no joint usage of relay carrier facilities for 
other purposes are quite rare. 

If a relay carrier transmitter is func¬ 
tioning for other purposes, it may be 
rather difficult for the primary relays to 
recover control of the relay channel. The 


primary relays usually are actuated by 
fault current, but in some cases a trans¬ 
mitting terminal furnishes little or no cur¬ 
rent to the fault. Hence, the non-relay 
carrier is transmitted and blocks effec¬ 
tive relaying. An open line circuit breaker 
produces one form of lost transmitter con¬ 
trol, although there are at least six other 
possibilities of having weak or zero fault 
current. 1 The first paper 1 included an 
oscillograph record showing failure to re¬ 
cover control of a continuous signal set up 
for sleet detection, even though both line 
circuit breakers were closed at the start 
of fault. 

All methods of providing priority for 
relaying under joint usage can be grouped 
under avoidance of the relay signal, aug¬ 
mented control, and combinations of the 
two. Augmented control includes: 

1. Circuit Breaker Interlocks. Non-re¬ 
lay carrier is to be removed by auxiliary 
contacts on line circuit breakers. Since 
open line circuit breakers are not always 
involved, this does not secure complete 
control. Also, it suspends outbound 
communication past an open circuit 
breaker, at a time when it may be needed. 

2. Undervoltage and Zero Phase Se¬ 
quence Voltage Controls. 1 Granting a com¬ 
plete set of line connected potential trans¬ 
formers (which is not always true), the 
control functions are: 

(a) shutting off non-relay carrier during 
faults; 

(b) restoration (with time delay if auto¬ 
matic) of non-relay carrier on a de-energized 
line; 

(c) immediate return to status quo when 
the dead line is reclosed to a live system. 

Avoidance of the relay signal includes: 

3. Relaying on an Audio Tone. Short 
of microwave frequencies used as a carrier 
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channel, 5 the tone is not adapted to being 
pulsed as in phase comparison. The tone 
modulations may be in amplitude (AM),, 
including single side band with carrier 
suppressed, or in frequency (FM). For 
example, AM may be used for voice, with 
FM receivers for relay carrier. The trans¬ 
mitter then is converted to FM when a 
directional comparison tone is to be trans¬ 
mitted. FM thus is used for relaying in 
order to eliminate the large d-c swing on 
received .signals, which occurs in AM re¬ 
ceivers. 

4. Frequency Inversion . This name 
has been applied by the authors to a com¬ 
bination believed to be original with them. 
They believe it should become rather 
widely used. It is an arrangement for 
avoidance, plus slightly augmented con¬ 
trols. It has three features: 

a. Two carrier frequencies are arranged as 
for normal duplex voice transmission. 

b. ; Relay carrier is assigned to the alternate 
frequencies at each end. 

c. Control means are provided at each end 
for shifting from voice to relay carrier trans¬ 
mission by action of primary relays. A 
careful scrutiny of Figure 2 will make the 
principle clear. 

Frequency inversion can be used for 
either phase or directional comparison, or 
a combination of both. The unique fea¬ 
ture is that if primary relays at one ter¬ 
minal cannot function from lack of fault 
current, the voice does not restrain the re¬ 
mote end because of the frequency dif¬ 
ference. It is ideal for joint usage on a 2- 
terminal line, and for special cases on 
multiterminal lines. 

The advantages of frequency inversion 
are; 

a. It gives the primary relays complete 
control with a minimum of changeover 
equipment. 

b. It retains straight-keyed, on-off, carrier 
for relaying. 

c. It gives 2-way non-relaying channels 
with the entire audio spectrum free of re¬ 
laying uses. The net result is economy of 
the carrier frequency spectrum. 

d. It requires a minimum of carrier equip¬ 
ment. At present, double receivers are 
stock items. For the present it may be 
logical to use a second standard transmitter 
at each terminal. If the scheme seems to 
justify its promise, the conversion problems 
of a single transmitter for both relay and 


non-relay functions should be worked out. 
There is also economy of yard equipment in 
joint usage. 

5. Frequency Shift Relaying. Trans¬ 
ferred signals may be used, and they may 
be applied in two forms: 

a. By installing independent frequency 
shift transmitters to share yard and tuning 
equipment with each other and non-relay 
signals. This implies that they may be in 
the same carrier frequency band, or in a 
separate band by virtue of double or sepa¬ 
rate tuning and trapping. 

b. By the use of a voice transmitter to 
send a relay signal by shifting the basic 
frequency of that transmitter slightly. 2 At 
the remote terminal the AM voice receiver 
and the narrow-band relay receiver with its 
FM discriminator operate in parallel. 

In Figure 6 both (a) and (b) are shown, 
together with directional comparison on a 
keyed (on-off) carrier, all applied to the 
same 3-terminal line. 

In Figure 7 form (b) is applied in a pro¬ 
posed scheme to provide directional-com¬ 
parison relaying in combination with 
communication. It is shown for a 2-ter¬ 
minal line, but by using wide shifts it may 
be generally adaptable to three terminals. 
If the communication is duplex, double 
tuning and trapping is applied conven¬ 
tionally. Limited experience indicates 
that it may not always be necessary, and 
that two voice characteristics may be 
spread sufficiently in one band. 

In addition to the interesting relaying 
combinations just mentioned, there are 
possibilities of audio or intermediate fre¬ 
quency by-passes at section terminals. 
By such means channels may be extended 
over two or more line sections in tandem 
for voice, telemetering, load control, and 
so forth. In short, two frequencies do 
the work of three on a given section, and 
as a by-product, relay channels have the 
advantage of continuous monitoring. 

Problems of Multiterminal Lines 

Multi terminal lines will be classified as 
follows: 

1. Radial feeders. 

2. Tapped subtransmission lines. 

3. Tapped system trunks. 

4. Three-terminal system ties. 

Except in the case of radial feeders, the 


discussion will be limited to cases of just 
three terminals. The same principles ap¬ 
ply in items 2 and 3 when the line has 
more than one tap. Definitions and de¬ 
tailed discussions follow. 

Radial Feeders 

Figure 3 shows a typical case. All ter¬ 
minals except the prime sources have 
step-down transformers, usually of rela¬ 
tively high impedance because of their 
limited size, and are usually without high- 
tention (h-t) circuit breakers of fault 
clearing capability. The h-t voltages 
range from less than 12 kv to 138 kv and 
possibly more. They may be overhead, 
underground, or a combination of the 
two. The term “radial” does not exclude 
high-impedance low-tension (1-t) back¬ 
feeds. 

In the absence of h-t circuit breakers, or 
their equivalent, transferred tripping, by 
carrier or otherwise, is needed to clear the 
transformer if it develops an internal 1-t 
fault. This implies a transformer dif¬ 
ferential relay or the equivalent. It is as¬ 
sumed that the transformer may be made 
alive from (a) the feeder source, (b) the 
h-t leads by load-break switches, or (c) 
the 1-t bus. The transformer protection 
must discriminate against magnetizing 
inrushes to avoid tripping the entire 
feeder. 

It might be assumed that faults on the 
h-t line and the transformer h-t windings 
could be relayed quickly at the prime 
source without carrier. This is not true 
for mild turn-to-turn faults, which are a 
fair proportion of the total. For com¬ 
plete h-t protection there should be some 
means of removing the weak current (or, 
in the case of ground faults, capacitance 
current) backfeeds of the remaining un¬ 
faulted transformers. In some cases net¬ 
work-type reverse-current elements on the 
1-t backfeeds may suffice. If such reverse- 
current trips are made sensitive to levels 
practiced on network relay settings, net¬ 
work-type reclosures also will be needed. 
The alternative to the network principle 
is the use of transferred tripping from 
prime source to transformer 1-t circuit 
breakers. If the terminals are unattended 
(including supervisory) embarrassing lock- 
ins of trip circuits or trip signals are to be 
avoided, which requires attention to de¬ 
tail design. 

There is a distinct need, primarily on 
urban-type systems, for cheaper and more 
convenient means of remote tripping than 
pilot wires or conventional forms of car¬ 
rier. 

The expedients under items 2 and 
3 in the following text can be used only 
in special cases. 
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A, B—prime terminals 

C tap terminal at an indeterminate distance from the line A, B 
D—possible circuit breaker or load-break switch 
E—possible fuses 

F possible automatic ground switch (1 phase or 3 phase) 

G carrier relay, phase or directional comparison 

H carrier at tap (like at A and B, or to trip A and/or B y or to block A and B) 
J—carrier to trip circuit breaker D 
K—possible transformer differential or an equivalent 


Tapped Subtransmission Lines 

This implies that there is a load take-off 
from a tie line through a step-down trans¬ 
former. The term subtransmission means 
that the two main terminals normally are 
held in synchronism by other stiff system 
ties. Lines in the 69-kv voltage class are 
common in this group, although 34.5- and 
138-kv lines sometimes may answer the 
description. See Figure 4. Carrier relay¬ 
ing at terminals A and B may have been 
installed before the tap was added, or such 
relaying may be contemplated. It is as¬ 
sumed to be of either the directional- or 
phase-comparison type. 

Some problems are: 

1. For economic reasons a h-t fault clear¬ 
ing circuit breaker may be omitted at the 
tap, but if the transformer develops an 
internal fault it must be de-energized, and 
eventually disconnected. 

2. It is undesirable for the line to be 
tripped for faults beyond the 1-t circuit 
breaker. 

3. It is undesirable for the line to be 
tripped for faults beyond terminals A or B . 
Terminal C might cause such tripping be¬ 
cause it may be a source of fault current 
of one or more of the three phase sequences. 

4. It is undesirable for the line to trip on 
magnetizing inrushes when the line and 
attached transformer are made alive. The 
trip-out may be interpreted as an indica¬ 
tion that the line itself is in trouble. Se¬ 
quential closures of the circuit-breaker poles 
at A or B may contribute to the tripping 
effects of the inrush. 

In dealing with these problems, some or 
all of the following expedients may be 
considered: 

a. Re-examining and making minor ad¬ 
justments of the carrier control settings, but 
otherwise ignoring the tap. If the trans¬ 


former is of high impedance, this may be 
practical, except that transformer protec¬ 
tion for 1-t faults definitely is lacking. 

b. Installing a set of h-t transformer fuses. 

c. Applying network-type relays to the 1-t 
side to clear the transformer (and line) from 
the 1-t source. See the previous section on 
‘'Radial Feeders.” 

d. Adding a carrier set at C to operate 
from 1-t current (phase comparison) or 1-t 
current and potential (directional compari¬ 
son). This assumes that adequate phase 
matching or polarization can be arranged. 
Unless the transformer is quite small, de¬ 
sensitizing devices (with resets) will be 
needed at terminals A and B to permit 
satisfactory closures. If the transformer at 
C can be energized locally by a h-t load- 
break switch, desensitizing might be done 
from there in the form of carrier steadily 
transmitted for an interval. 

e. In all the previous cases the transformer 
protection is not very sensitive, hence a 
differential scheme, or an impulse-type 
pressure relay, may be applied to the trans¬ 
former. 

f. The transformer protective device may 
close a single-phase grounding switch to 
trip terminals A and B. Transformer pro¬ 
tection which essentially ignores magnetiz¬ 
ing inrushes is a prerequisite. If it is im¬ 
portant to reclose manually or automatic¬ 
ally the A to B tie fairly quickly, a load- 
break switch D then may function auto¬ 
matically to remove the faulted trans¬ 
former and ground from the tie. The auto¬ 
matic opening may be from an interlocked 
timer 8 or from an undervoltage (1-t or h-t) 
relay by way of the trip circuit of the 
transformer protective device. 

g. If fuses were installed as in (b), a 3- 
phase set of spring-operated grounding 
switches may be used to blow those fuses 
in case trouble is indicated by a transformer 
protective device. The line may be tripped 
at A and B , but can be reclosed imme¬ 
diately, perhaps automatically. 


h. If the transformer at C has h-t current 
transformers, it is feasible to shift the carrier 
controls at C to the h-t side. They may be 
either for phase comparison or directional 
comparison. For the latter, they may have 
either h-t or compensated 1-t polarization. 
The current transformer may be either on 
the outgoing or the neutral end of the h-t 
windings. 

Note that if the tap transformer is fairly 
large, relatively, or has a h-t neutral ground 
plus a low impedance tertiary, the applica¬ 
tion of h-t carrier controls may be required 
to solve problems 3 and 4. Even granting 
these controls at C, the carrier trips at A 
and B tend to be somewhat less sensitive 
than on a 2-terminal line, as it is necessary 
to add margins between terminals to insure 
co-ordination in the presence of the third 
feed. This will appear in the settings of the 
tripping level fault detectors in phase- 
comparison schemes, and the ground current 
trip elements in directional comparison. 
Some allowance also must be made for in¬ 
rush components, even with directional 
comparison extended to terminal C. At 
terminals A and B, line, not bus, connected 
potential transformers reduce the combined 
effects of inrush and circuit-breaker pole 
transitory phenomena. 

i. With h-t carrier controls, the trans¬ 
former protection at C probably would be 
adapted to actuate transferred tripping to 
terminals A and B instead of local grounding 
switches. 

The foregoing items (a) to (i) do not in¬ 
clude all the subterfuges that may be 
used in the absence of a high-tension fault 
clearing circuit breaker at terminal C. 
Also, such a circuit breaker actually may 
exist, in which case transformer clearing is 
completed locally. Tapped system trunks 
are discussed on that basis, and tapped 
subtransmission lines may use similar de¬ 
vices. A working example of relaying on 
a tapped sub transmission line follows: 

Between the Commonwealth Edison 
Company and its associate, the Public 
Service Company of Northern Illinois, is a 



Figure 5. System layout showing a 3-terminal 

system tie 

Fi—fault location for out-feed at Z (solid 

arrow) 

F 2 —fault location for out-feed at Z (solid), 
possibly followed by a weak in-feed (dotted 
arrow) after the circuit breaker at X opens 
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Figure 6. Relaying and voice for the 3-terminal system tie 

Fj—basic frequency For directional-comparison relaying (modulated for voice) 
fa —basic frequency for voice (shifted for transferred signal) 
far fa '—narrow band for transferred signal (coupled and trapped with fa) 
fa, fa '—see fa, fa' 


Ct— comparison relaying transmitter 
Cr— comparison relaying receiver 
Vm—- voice modulator 

VCt— transmitter for voice and comparison relaying 

Vr— voice receiver 

St— frequency shift transmitter 

Sr— frequency shift receiver 

Cb— permissive carrier trip for line circuit breaker 

subtransmission line with two taps. One 
tap, to an industrial customer, has a h-t 
circuit breaker, but no carrier equipment 
except traps. On the other tap is one 
transformer of a pair in a distributing 
station. The h-t winding is delta-con¬ 
nected, with no h-t circuit breaker. This 
second tap corresponds to terminal C in 
Figure 4. Directional-comparison carrier 
is installed for terminals A, B, and C. It is 
conventional in many respects, but has 
the following unusual features: 

At terminal C the transformer differen¬ 
tial relays start carrier after a short (6- 
cycle) hesitation, and apply audio tone 
modulation for remote tripping at A and 
B. The tone receiver relays at A and B 
must be energized for 6 cycles to produce 
tripping. The direct, single-frequency 
use of the comparison carrier channel to 
produce remote tripping is unusual, but is 
workable in this installation, because non¬ 
relay usage of carrier is negligible. The 
hesitation at the tap transmitter gives the 
comparison carrier initial priority in case 
of line faults. To prevent an incoming 
tone-signal at A or B from being blocked 
out of the receiver by local transmission, 
the following controls are used: For in¬ 
terphase faults the third-zone elements at 


A and B not only start carrier but sup¬ 
plant the usual second-zone elements in 
monitoring the directional elements for 
carrier stoppage. The ground directional 
elements can stop carrier, and do so inde¬ 
pendently, unmonitored by any current 
element. The differential relays at C are 
not necessarily immune to inrushes, but 
actuate auxiliary relays which can be re¬ 
set by remote supervisory control, thus 
stopping the carrier signal from C at the 
discretion of the supervisory operator. 

Tapped System Trunks 

Figure 4 also applies to this class, but 
circuit breaker D of fault clearing capa¬ 
bility on the h-t side of the load take-off 
transformer is almost inevitable. The 
class will be further limited to overhead 
lines, probably 115 kv or higher. There 
may be system trunks below this voltage, 
but they are usually short, urban, and 
probably underground. 

Several possible variations remain, as 
in the size (impedance) of the tap trans¬ 
former, its connections, including neutral 
grounding on h-t and 1-t, and as to 
whether there is a tieback from C to ter¬ 
minal A or B. 

Problems 2, 3, and 4 of the preceding 


section must be solved for tapped system 
trunks also, and the following in addi¬ 
tion: 

5. The relaying must be designed for high 
speed to increase transient system stability 
and permit heavy loading. 

6. High-speed automatic reclosing is to be 
applied for the objectives as in 5, which 
means that a fault arc must be extinguished 
promptly, even when the fault does not 
affect stability directly. Thus, the tap 
circuit breaker D must be opened quickly 
for all line faults. Otherwise the 1-t feed, 
which may be only motor regeneration, tends 
to maintain an arc. The reclosures at A 
and B thus will fail to hold, with additional 
shock to the system from the re-established 
fault. 

With a h-t circuit breaker at C, it is 
hardly necessary to provide transferred 
tripping from C to A and B, but it may be 
necessary to have a transferred trip from 
A or B y or both, to C to remove the tap 
feed promptly. This trip signal may have 
to pass an intervening fault location. 

If the transformer is essentially on the 
right-of-way between A and By installing 
transferred trips from both A and B will 
practically assure a clear path for one of 
them. If there is an extended high-ten¬ 
sion line to the transformer location, a 
fault may intervene, but a limited ex¬ 
perience in a different type of installation 
indicates that the signal will go through 
regardless. 

A low-tension tie from C to B (or A) 
may cause another type of delay. For a 
fault on the protected line near B , there 
may be an initial outflow of fault current 
at C. This causes carrier to be sent from 
C, blocking comparison carrier relaying at 
A and B y until the line opens at B y pre¬ 
sumably from a first-zone or instantane¬ 
ous element. The three terminals thus 
probably open in the order B-A-C. This 
clearing sequence applies to both phase- 
and directional-comparison type relaying. 
Any element at C which is sensitive 
enough to open that terminal quickly for 
all line faults also will produce the initial 
blocking as mentioned. Transferred 
tripping from B may make C almost coin¬ 
cident with A in the sequence described, 
thus providing for safe reclosure more 
quickly. 

The company with which the authors 
are associated has been confronted with 
the following problem: A trunk line be¬ 
tween terminals A and B, now equipped 
for phase-comparison relaying with high¬ 
speed automatic reclosure, has been 
tapped to a transformer on the primary 
right-of-way. The transformer is not 
large, but has a delta tertiary and solidly 
grounded h-t and 1-t neutrals. There may 
also be a 1-t tieback to terminal B . This 
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figure 7. Directional-com¬ 
parison relaying by narrow- 
band (frequency shift) equip¬ 
ment 

hi h —basic voice frequencies 
fif 2 '/ R' • * •—relaying fre¬ 
quencies 

Dp, Dg— directional elements: 
P—phase (operates on feed 
toward line); G—ground (op¬ 
erates on feed toward bus) 
Zp—phase distance; 1 g— re¬ 
sidual current (both nondirec- 
tional) 

:|c —sets of three contacts: "b” 
in series, “a" and rectifiers 
separated by phases 
B—test button relay contacts 
Cp, Cg— contactors: P—phase,* 
G—ground 

Ov, Op— oscillators: V— 

voice; R—relay 
Av, Ar, Ap—amplifiers: V— 
voice,- R—relay; P—power 
Rv, Rs—receivers: V —voice; 
S—relay 

Mv—voice modulator 
Tr— relay tube 
C—carrier coupling 
T—trap (double tuned if re¬ 
quired) 



transformer terminal C is unattended 
without supervisory control, and is to 
have time-delayed h-t and 1-t reclosing. 
The transformer is relayed differentially 
with h-t and 1-t circuit breakers and a set 
of h-t bushing potential devices. A trans¬ 
mitter is to be installed to provide steady 
signal blocking during transformer and 1-t 
faults and during magnetizing inrushes. 
To provide restraint at remote terminals 
it is necessary to have devices which do 
more than ignore inrushes. Thus, when 
the transformer is energized from h-t or 
1-t or from terminals A or JB, the trans¬ 
mitter at C is started by instantaneous 
voltage relays, then deactivated by a 
timing device. 

Terminals A and B should not be 
tripped by transformer or 1-t faults. Only 
close-in 1-t faults draw enough current to 
affect the comparison relay tripping ele¬ 
ments at A and B terminals. Hence, the 
fast-acting transformer differential and 
the instantaneous 1-t phase distance and 
ground relays are used to start the trans¬ 
mitter for blocking. These relays could 
be limited to carrier starting, but are also 
1-t circuit-breaker tripping relays for the 
present. When more 1-t lines are added, 
this arrangement, if unaltered, would de¬ 


pend on slow speed reclosures to restore 
service if the transformer distance and 
ground relays tripped on 1-t line faults. 

Note that there is no carrier start at C 
for faults on the h-t line. For h-t faults at 
B the 1-t reach of the fast-acting carrier 
start elements at C is too limited. Hence, 
there should be no sequential carrier re¬ 
laying for h-t faults. 

The transferred trip is from A to C by a 
frequency shift channel, with a reverse 
channel from C to A to monitor against 
loss of the guard frequency or the equiva¬ 
lent. 

To set up and release h-t and 1-t circuit- 
breaker trip coil circuits at C in addition 
to all of the other functions set forth 
here, without sneak circuits and/or lock- 
ins, requires careful planning of control 
circuits at C. No relay action or remote 
signal should lock out terminal C, h-t 
circuit breaker D, except the action of the 
transformer relay. Basically, however, 
the problem is assumed to be solved. 

Joint usage in this case is to be neg¬ 
ligible so that one comparison frequency, 
plus the narrow bands for frequency shift, 
should be adequate. At terminal A the 
transferred trip transmitter (narrow- 
band) should not block the rather non- 


selective phase-comparison receiver. At C 
there is to be no comparison receiver. 

As a hypothetical problem, suppose 
joint usage is intended. Frequency inver¬ 
sion as indicated in Figure 2 then could 
be applied at terminals A and B. This 
would provide a duplex non-relay channel 
between A and B , but leave the phase- 
comparison relays in full control. Block¬ 
ing transmitters for both frequencies 
then would be provided at terminal C. 
Double-frequency tuning and trapping 
obviously would be needed. The authors 
believe that frequency inversion would be 
almost ideal for joint usage in this case. 

Three-Terminal System Ties 

In these installations there is no lumped 
impedance, such as a transformer, in any 
of the three legs, and all terminals are ac¬ 
tually or potentially strong fault current 
sources. One example, of this, namely a 
short line with no out-feed for internal 
faults, presumably was solved by the ar¬ 
rangement of Figure 1. 

A much more difficult case is being 
studied. The line layout is shown in 
Figure 5. The line, with terminals X, F, 
Zj is to be a main system tie, with auto¬ 
matic reclosure. It has one long and two 
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short legs; one of the short legs (to Z) 
will under some conditions have out-feed 
(solid arrow), for faults at Fi or F 2 . Also, 
it would be desirable to have duplex com¬ 
munications between the terminals X and 
Y. A study of the relaying with settings 
co-ordinated to the short ties beyond Y 
and Z showed very slow clearing if no 
carrier is used. The minimum clearing 
time for second-zone faults would be 
about 1.2 seconds. In the rare event that 
the out-feed at Z would be followed by a 
weak feed (indicated by dotted arrow T ) 
there would be double sequential relaying, 
and a total clearing time of about 2.5 
seconds. 

Directional-comparison carrier relay¬ 
ing encounters the same difficulties from 
the out-feed at terminal Z for internal line 
faults near terminals X and Y. Under 
such conditions the carrier signal from 
terminal Z would not be removed until 
the circuit breaker at X (or F) opened. 
This sets up the delay encountered on 
single sequential relaying. For a fault at 
F 2} a weak in-feed at terminal Z (dotted 
arrow) may follow the circuit breaker 
opening at station X. Theoretically, at 
least, the apparent distance registered on 
the relays at terminal Z after the circuit 
breaker at X opened may be as high as 
160 miles. It is hardly practical to set the 
carrier trip (second zone) at Z for such 
distance, hence Z would not set up a car¬ 
rier trip until the circuit breakers at both 
X and Fhad opened. To prevent the cir¬ 
cuit breaker at Ffrom being thrown back 
on timer operation by the sustained signal 
from Z, it is necessary to either (a) have 
the carrier stop at Z monitored by a sensi¬ 
tive third zone, after the manner described 
for a tapped subtransmission line, or (b) 
install transferred signals as illustrated in 
Figure 6. The total restoration time, that 
is, the time to clear an arc and re-establish 
a synchronous tie by reclosure under the 
worst conditions with third-zone control 
at Z was worked out to be 40 cycles. This 
included 25 cycles of reclosure hesitation 
at terminal X . 

In Figure 6, the/ 2 —/ 2 ' and/ 3 —/ 3 ' signals 
would be shifted by the first-zone inter¬ 
phase elements and the general-purpose 
ground relays. 

The transferred signals f 2 —f% and 
fz fY could be applied in two ways. If 
used to trip circuit breakers directly, the 
restoration time could be reduced to 20 
cycles, which is adequate, but such use of 
single transferred signals may not be safe 
with respect to spurious tripping. As an 
alternative the transferred signals might 
be used to remove the unwanted signals 
from terminal Z, so that directional com¬ 
parison at X and F would be expedited. 


This, plus semidirect tripping of the cir¬ 
cuit breaker at Z, would give a total res¬ 
toration time of 30 cycles, which is prob¬ 
ably too slow. All these restoration 
times might be appreciably longer in the 
case of single line-to-ground faults. 

The duplex communication between 
terminals X and F calls for the use of a 
voice transmitter at X as shown, which 
keeps the comparison relaying function in 
the clear by frequency difference. For 
terminal F there is a third frequency 
shift signal / 4 —// which is shifted by the 
second-zone, or ground, relays acting on 
the corresponding shift transmitter at ter¬ 
minal X. The shifted signal received at 
F has the function of taking the normal 
voice controls away from the combination 
transmitter at F. Thus, the relaying 
function is not hampered by a voice signal 
from F, even in the absence of enough 
fault current at F to take over control. 

As regards the transferred signals, it is 
necessary to keep them spaced in the car¬ 
rier spectrum so that they do not inter¬ 
fere with voice or comparison carrier or 
vice versa. There is joint usage of the 
voice transmitter at terminal X , in that 
its oscillator is supplemented by the fre¬ 
quency shift signal generator after the 
manner described by R. W. Beckwith. 1 
Actually a pair of crystal controlled oscil¬ 
lators would be used, one for voice, the 
other for the shifted signal. 

Figure 6 can hardly be considered a 
completely satisfactory solution. One 
must choose between problematical safety 
and the loss of speed, and this aside from 
the question of transferring signals past 
an intervening fault. Joint usage does 
not add much to the problem. The dif¬ 
ficulty is with the basic relaying scheme, 
including the primary relay elements. 

General 

At present the company with which the 
authors are associated is inclined to use 
pilot-wire relaying on underground high- 
voltage lines, and is adapting the 
schemes to greater distances in spite of 
the cost of pilot cable. The alternatives 
are carrier over power line cable, or micro- 
waves. Carrier over cable has not been 
investigated adequately, and the micro- 
wave field also offers us channels, but with 
no clues as to how to use them or what 
primary relay elements to apply. With 
a few minor exceptions, all of the problems 
of power-line carrier can be expected to 
recur in microwave applications. For ex¬ 
ample, it may be possible to separate 
voice from relaying in microwave tone 
channels, but continuous monitoring of 
the relay channel may be desired, as H. 


W. Lenser has indicated. 5 Thus, the 
problem of controlling the relay channel 
in the absence of fault current re-enters. 
By the frequency inversion arrangement 
control can be maintained on 2-terminal 
lines and at least some 3-terminal fines. 

The advantages and disadvantages of 
conventional forms of carrier schemes 
were quite well summarized in a recent 
paper. 6 The present paper adds some 
less conventional forms and also com¬ 
binations of two of the three basic prin¬ 
ciples. At best, however, some problems 
are unsolved, and new ones tend to be 
more difficult. If adaptations along pres¬ 
ent lines do not suffice, the problems 
should be attacked from entirely new 
angles. If there are no undiscovered 
principles, there may be radically different 
techniques in either microwave or power¬ 
line carrier relay applications. 

Also a relay system is satisfactory only 
if it meets the technical requirements of 
the system, and takes the human reac¬ 
tions and limitations into account as 
well. 
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Discussion 

S. C. Bartlett (American Gas and Electric 
Service Corporation, New York, N. Y,): 
Although the material of this paper is largely 
of interest to relay engineers, we observe 
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certain phases having to do with carrier 
current and in particular the section en¬ 
titled “Frequency Inversion.” This is very 
interesting and as far as we know is a novel 
application. The saving in spectrum is not 
particularly apparent since power-line car¬ 
rier telephone in general is operated on a 
single frequency, particularly where com¬ 
munication with a number of stations is re¬ 
quired. The important feature as we see it 
is in the potential saving of equipment. 
Any reduction in total number of vacuum 
tubes or circuit components should tend in 
the direction of improving reliability. 
About the only shortcoming we observe is 
that under those conditions where heavy 
line currents may operate protector relays 
the relay frequencies would be applied for 
long periods of time and the carrier tele¬ 
phones rendered inoperative. 


L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): The authors have 
succeeded in consolidating in this paper a 
comprehensive review of most of the carrier 
and relay problems encountered on a trans¬ 
mission network together with many sug¬ 
gestions pointing toward improved solutions 
for these problems. We are most certainly 
in agreement with the authors’ objectives of 
finding methods which will permit greater 
use of carrier within the available frequency 
spectrum. With this common objective in 
mind, we would like to supplement this 
paper by pointing out a few other funda¬ 
mental considerations which must be kept 
m mind. 

Phase Comparison 

It is disturbing that the authors advocate 
continuous comparison of each phase cur¬ 
rent without discussion of the serious dis¬ 
advantages of such a method, some of which 
follow: 

1. The most obvious disadvantage is the 
use of three channels or tones instead of one. 

2. It is apparent that both relay costs and 
channel costs would be increased in varying 
degrees, depending upon the method used. 

3. Load current and, on the longer and 
higher voltage circuits, line-charging cur¬ 
rent contribute to the application limita¬ 
tions of phase-comparison relaying. With 
the American methods using a single de¬ 
rived value for comparison, these limita¬ 
tions need apply only to balanced 3-phase 
conditions, since negative- and zero-phase 
sequence currents are substantially un¬ 
affected by load and charging currents. 
On the other hand, comparison of currents 
in each conductor introduces these limita¬ 
tions for all faults. 

(a) Load Current. With comparison of currents in 
each conductor, proper operation on an internal 
fault requires that the fault current be considerably 
greater than load current. During single-phase-to- 
ground faults, it is not uncommon for the load cur¬ 
rent in the faulted phase to be greater than the fault 
current. 

(b) Charging Current. Since charging current 
can enter a sound line at both terminals, it appears 
to be the same as fault current to phase-comparison 
relaying. Comparison must not occur when charg¬ 
ing current is appreciable relative to load current or 
relative to load and through-fault currents. This 
not only limits the possible use of continuous com¬ 
parison but also limits the possible sensitivity on all 
types of faults when currents are compared in each 
conductor. 


Directional Comparison 

The authors enumerate two disadvan¬ 
tages of directional-comparison relaying. 
Actually, they appear to be enumerating 
two disadvantages of backup relaying, per¬ 
haps the very disadvantages that justified 
carrier relaying in the first place. For 
example, it is not necessary that com¬ 
promises be made tending toward greater 
load sensitivity on backup elements. 
Also, although “backup elements trip 
without warning,” they are backup ele¬ 
ments and their tripping without warning 
is in no way occasioned by carrier control. 
The same backup elements would react the 
same if phase-comparison carrier were used. 

The authors state that “zero-phase- 
sequence induction can be offset by poten¬ 
tial polarization.” Although occasionally 
this may be true, in most instances potential 
polarization offers no advantage since 
zero-sequence potential is simply the zero- 
sequence current supplied by the local 
transformer times the impedance of the 
local transformer. Usually, if the neutral 
current results in incorrect polarization, so 
also will the zero-sequence voltage. 

Assuming no economic advantage one 
way or the other, the authors advocate the 
use of line potential, rather than bus po¬ 
tential, to polarize ground relays. Al¬ 
though a manufacturer might be expected 
to applaud such a decision, there does not 
appear to be sufficient justification from 
an engineering standpoint. As an example, 
when the first circuit-breaker pole closes, 
more zero-sequence potential will be applied 
to a ground relay with line-potential supply 
than with bus-potential supply. 

The authors seem to indicate that direc¬ 
tional-comparison relaying with distance ■ 
relays is not applicable to very short lines. 
Again, they seem to be confusing carrier 
relaying with backup or duplicate relaying. 
There is absolutely no limitation to the 
short-line protection of directional compari¬ 
son carrier relaying with distance relays. 
The limitations is in the backup relaying. 
Occasionally, the first-zone distance pro¬ 
tection cannot be used, or perhaps even 
the second-zone distance protection, but 
no line is too short for directional-com¬ 
parison protection. 

Joint Usage 

It does not follow necessarily that the 
crowding of the carrier frequency spectrum 
inevitably will force joint use of the carrier 
equipment for relaying and other functions. 
While joint use may appear to be a logical 
solution to the frequency-congestion prob¬ 
lem, the present trend is away from joint 
use rather than toward it. 

The fact that a relay channel requires 
a high signal level and an insensitive re¬ 
ceiver to overcome noise, and requires line 
traps, makes it possible to use the same fre¬ 
quency for relaying on several line sections. 
Thus, better utilization of the frequency 
spectrum can be obtained than with 2- 
frequency operation on every line section. 

Although 2-frequency operation of a 
carrier-telephone channel provides a very 
desirable type of service, it is doubtful that 
a system-wide dispatching telephone circuit 
can justify the luxury of 2-frequency opera¬ 
tion in locations where frequency spacing 
is a problem. 


Carrier Over Cable 

The authors state that carrier over power 
cables has not been investigated adequately. 
However, there are quite a few installa¬ 
tions of carrier over power cables and the 
limitations and possibilities of the various 
types of cable construction have been 
demonstrated by these installations and 
field tests. 


G. W. Hampe and B. Wade Storer: With 
one exception, the differences between Mr. 
Kennedy and the authors are only in em¬ 
phasis. The authors were not directly 
advocating any specific form of relaying. 
The paper includes solutions and attempted 
solutions of certain problems. 

Obviously present types of power-line 
carriers are not well adapted to single-wire 
phase comparisons. With or without 
single-wire comparison, it is possible, and 
more or less practical, to get relay sensi¬ 
tivities below load currents. Getting below 
line-charging current is a more difficult 
matter. 

Ill regard to backup elements, combining 
functions, for carrier control does modify 
settings in general. In particular, on multi¬ 
terminal lines, it may be necessary to avoid 
multiple usage of elements and apply sepa¬ 
rate distance elements to set up carrier 
start, carrier stop, and carrier trip. Thus 
the non-carrier elements are a simpler sepa¬ 
rate problem. 

As to the advantages of potential polari¬ 
zation, it seems that Mr. Kennedy is un¬ 
fortunately right and that trippings of 
directional-comparison relays on spurious 
ground-fault currents cannot be avoided 
entirely, either by the use of line or bus po¬ 
tentials. 

If a line trips when circuit breakers close 
poles unequally, that is a nuisance, but 
operators are sufficiently accustomed to 
such things to cope with the situation in 
general. It is more than a nuisance if 
there is a transformer tied solidly to the 
line or tapped to it at an unattended ter¬ 
minal. At least four possibilities exist: 

1. Unequal closure of circuit breaker 
poles. 

2. A sustained line fault. 

3. A transformer failure. 

4. A transformer magnetizing inrush (alone 
or in combination with item 1). 

A scheme which would not operate 
except for item 2 would be desirable. 

As to spurious currents from zero-se¬ 
quence induction, that requires vigilance 
on the part of the relay engineer and is 
sometimes a real handicap in making sensi¬ 
tive settings and in working out ice-melting 
schemes. Inductions occur between lines 
at the same or different voltage levels if 
coupled on the same towers or right of way 
or by transformer windings. In some cases 
neutral currents may be combined to yield 
correct polarization, but in other cases 
such combinations may not be physically 
possible or practical. 

In working out ice prevention or melting 
schemes it is disturbing to find that the line 
rearrangement puts the system into a setup 
for spurious induction tripping at a time 
when faults are frequent. In extreme cases 
lines to be melted must have phases tied 


Hampe, Storer — Power-Line Carrier for Relaying and Joint Usage 


August 1952 


669 



by ungrounded jumpers to prevent a fault 
during melting from tripping load carrying 
lines. 

For the foregoing it would seem that, 
where applicable, the combination scheme 
which does the ground relaying by phase 
comparison should be used. Where this 
is not applicable, should the ground relays 
be polarized by negative-sequence potential? 
It would seem to eliminate that part of the 
problem due to induction from fault cur¬ 
rents. Other spurious currents would still 
be troublesome. This should be an impetus 
to the development of new schemes. 

As to distance relays on very short lines, 
the residue, after making eliminations as 
Mr. Kennedy did, probably would be less 
effective than the scheme of Figure 1 of 
the paper, which was specifically planned 
of a short line. 

As to carrier over cable, the writers 
know of no case where a line consisting en¬ 
tirely of cable is carrier-protected. The 
alternative schemes, such as pilot wires, 
do not have an obvious monopoly at higher 
voltages and longer distances. In par¬ 
ticular, radial feeders, as in Figure 3 of the 
paper, could use the all-terminal coverage 
of carrier to advantage, even if wholly 
or partly in cable. 


As to whether joint usage (combining 
relaying and nonrelaying functions) is 
increasing or decreasing depends on the 
definition of joint usage. The gradations 
were discussed in Part I of this Series. 1 For 
direct utilization of the relay channel, fre¬ 
quency inversion (patent applied for) is the 
simplest joint usage scheme known which 
gives complete relay control. There seem 
to be few places where it fits into the 
system pattern, but where such places 
exist it should do an excellent job with 
standard stock equipment. 

In reply to Mr. Bartlett, there are places 
where duplex transmission is necessary, or 
definitely advantageous, and there are 
places where it is used. Among the advan¬ 
tages of duplex transmission are: 

1. If the channel is to be extended into a 
wire line, a duplex channel is better and 
simpler, if not necessary. The same applies 
if the channel is to have a local terminal, 
and also is extended through carrier links. 

2. Continuous telemetering or load con¬ 
trol signals are often needed in both direc¬ 
tions, hence their transmission must be 
duplex. Frequency inversion is not the only 
way to transmit such signals, but if the 
audio channel is duplex and otherwise un¬ 


cluttered, why not use a portion of it? It is 
certainly a relief to get by with two instead 
of three carrier frequencies over a given line 
section. 

That heavy line currents may interrupt 
nonrelay usages was recognized in the paper. 
Suggestions from several sources as to 
means of avoiding or shortening such inter¬ 
ruptions were indicated. 

In conclusion, the writers would like to 
point out the following as particularly 
worthy of application: 

1. Multiratio current transformers with 
selector switches or changeover arrange¬ 
ments for deicing conditions. 

2. On phase comparison, inter pulse meter¬ 
ing of the remote carrier signal. 2 

3. Frequency inversion for joint usage. 

The other special solutions show what 
can be done in specific cases, and as regards 
the unsolved problems, possibly someone 
else can carry them to finality. 
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explosion-proof as a squirrel-cage induc- 


D EVELOPMENT of powerful per¬ 
manent-magnet materials, especially 
Alnico V, has raised generators using 
permanent-magnet fields from the mag¬ 
neto and fractional kilowatt class up to 
units rated at many kilowatts. The illus¬ 
trations show such generators in capaci¬ 
ties from 0.1 kw at 12,000 rpm to 75 kva 
at 1,714 rpm and even greater capacities 
are possible. The specific feature of the 
permanent-magnet generator is that its 
field has no windings and thus requires 
no external excitation (no exciter), no 
slip rings, commutator, brushes, and so 
forth. It has no arcing contacts to cause 
radio interference and is inherently as 
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tion motor. 

The armature of a permanent-magnet 
generator may be of any conventional 
type and winding, but the field structure 
is entirely different since the necessary 
magnetic energy is obtained from blocks 
of permanent-magnet material in the 
field structure instead of from coils of 
magnet wire energized from some external 
source such as an exciter. Details of the 
field designs may be changed as required 
for various generator characteristics and 
the illustrations show a number of es¬ 
pecially advantageous designs and meth¬ 
ods of construction. This discussion is 
limited to rotating field machines since 
rotating armature generators would re¬ 
quire slip rings to bring out the generated 
power and thus nullify one of the main 
features of the permanent-magnet gen¬ 
erator. It is limited also to rotors with 
laminated steel pole shoes and rectangular 


blocks of permanent magnet material to 
obtain minimum rotor losses with maxi¬ 
mum linear magnetization and simplicity 
for mass production. 

History of Present Development 

When the Alnico magnets first became 
available on a commercial basis, it was 
customary to make the smaller pole 
structures of a single shaped casting and 
larger units with blocks of magnet ma¬ 
terial bolted to the central huh or shaft. 
Most magnetos and some medium-capa¬ 
city generators still use that simple con¬ 
struction with no damper bars or lami¬ 
nated pole shoes. 1 ' 2 The series of develop¬ 
ments which produced the illustrated gen¬ 
erators was initiated by the Signal Corps 
Development Laboratory in 1944, after 
some 3 years in their laboratory, and con¬ 
tinued by production and development 
contracts from various branches of the | 
Armed Forces and also many nonmilitary j 
contracts. The 75-kva rotor shown in ; 
Figures 1 and 2 was manufactured on a | 
contract with the U. S. Engineer Research 
and Development Laboratory. This pro- i 
gram was undertaken in three steps: | 

1. To discover the general configuration to 
obtain reasonably efficient use of the mag- I 
netic material. 

2. To develop a rotor structure which I 
would he sound mechanically, efficient mag- I 
netically, and simple to manufacture. 
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Figure 3. 75-kva 28-pole 400-cycle rotor magnet assembly, partially 
stacked, showing main drive tube with casting openings, inner magnet 
ties with loose fit on rivets, magnets in place, and pole shoes tight on 
the rivets. The nonmagnetic steel retaining disks hold all parts against 

centrifugal force, see Figure 4 


Figure 1. A 75-kva 28-pole 1,714-rpm 400-cycle rotor with drive 
shaft for use as a 2-bearing generator. The small rotor is for a 0.1-kw 
8-pole 12,000-rpm 800-cycle generator and the uncast magnet as¬ 
sembly for a 0.1-kw 8-pole 6,000-rpm 400-cycle unit 


an aluminum alloy. 4 In addition to the 
usual advantages of obtaining a dense and 
true casting, the use of centrifugal casting 
allows the parts to be made with adequate 
clearance for easy assembly yet have no 
clearance after casting. This result is ob¬ 
tained by loosely riveting the inner mag¬ 
net ties so that both the magnets and the 
inner magnet ties are free to move radi¬ 
ally outward under the centrifugal force 
of the casting machine and thus maintain 
a tight internal magnetic circuit during 
casting. See Figures 3 to 5 for assembly 
details. The 0.1-kw rotors illustrated in 
Figure 1 are too small to cast centrifugally 
and other means are used to obtain the de¬ 
sired tight assembly. 

In centrifugal casting the magnet as¬ 
sembly is secured in a special type of cast- 
iron mold and preheated to a specified 


magnetic steel cage and using copper 
rivets as damper bars. This cage was 
shrunk over the central hub and thus 
maintained a better magnetic circuit 
than the previous designs, but the rotor 
was only fair mechanically and still quite 
difficult to manufacture. 


The three steps were partially concurrent 
and the last is still in progress as described 
in a companion paper by Fritz Strauss 3 . 

The first step required many calcula¬ 
tions and tests of units with different pole- 
shoe designs and various ratios of magnet 
length versus area. The second step 
started with solid pole tips bolted to an 
aluminum body, but centrifugal force New Designs 
gradually loosened the bolts. An im¬ 
provement was made by using nonmag¬ 
netic bolts extending into the steel hub, 
but this was difficult and expensive to 
make although adequate mechanically. A 
great improvement was made by changing 
to laminated pole shoes mounted in a non- 


The latest designs, as shown in the 
various illustrations, have laminated pole 
shoes and inner magnet ties locating the 
rectangular blocks of Alnico V in exact 
alignment between annular disks of non¬ 
magnetic steel, all cast centrifugally with 
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shown in Figure 1 \ 
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Figure 5 (left). 6.3-kva 4-pole 60-cycle rotor magnet assembly, 
partially stacked, showing special high-leakage extension to the pole 
tips and the loosely supported inner magnet ties. The main shaft is in¬ 
stalled in this assembly after casting, see Figure 6 

Figure 6 (above). 6.3-kva 4-pole 60-cycle rotor assembly cast, mounted 
on a lathe and partially turned to specified diameter. This is the same 
rotor shown partially stacked in Figure 5 


temperature. The hot mold is mounted 
on a vertical axis and rotated at a high 
speed while the molten aluminum is 
poured slowly into the central opening. 
Centrifugal force fills the mold from the 
outside toward the center under increas¬ 
ing pressure with no possibility of blow 
holes if the mold is designed correctly. 
The magnet assembly may be cast as a 
unit with its drive hub, using the alu¬ 
minum to integrate the two parts. This 
method is shown in Figure 3 where the 
aluminum will pour through the round 
holes in the drive tube and in Figure 9 
where the aluminum can be seen inside the 
drive hub. An alternate method is to 
cast the magnet assembly alone and later 
shrink it onto a drive tube or shaft as¬ 
sembly and secure it in place by welding 
or other means. The rotor in Figures 
5 and 6 was made in this manner. The 
cooling fins may be cast integral with the 
rotor body as shown in Figures 9 and 11. 

Figure 4 shows more details of the 75- 
kva 28-pole magnet assembly cast on the 
perforated drive tube. Note the assembly 
clearance allowed around the inner mag¬ 
net tie rivets and the slot to one of the 
rivet holes. This slot receives a punch 
press guide which stacks the ties for rapid 
assembly. The damper bar openings in 
the pole shoes serve the same purpose. 


The aluminum cast in these openings acts 
also as additional rivets in strengthening 
the rotor structure against centrifugal 
forces. In all designs the nonmagnetic 
stainless steel retainer disks restrain all 
centrifugal forces and the brittle magnets 
are not stressed in either tension or shear. 

The pole shoes of the 4-pole rotor 
shown in Figure 5 have unusual contours 
to provide a definite magnetic leakage and 
good mechanical stability. The sharp 
break and slight hook at the start of the 
pole-tip elongation gives a definite width 
to the actual pole shoe and effectively 
anchors the aluminum to the steel. Per¬ 
manent-magnet generators usually re¬ 
quire a much smaller air gap than con¬ 
ventional units and the rotors must be 
lathe turned after casting, as shown in 
Figure 6, to remove the excess aluminum 
and finish to a definite diameter. All de¬ 
signs shown have concentric air gaps since 
a gentle taper instead of the sharp break 
and hook would leave an unsupported 
feather edge of aluminum over the sides 
of the pole shoes. 

Comparison of Permanent-Magnet 
versus Conventional Generators 

For any given application the choice 
between permanent-magnet or conven¬ 


tional electromagnet construction de¬ 
pends upon the relative importance given 
to the various specific advantages of each 
type. A brief summary follows. 

Size and Weight 

Permanent-magnet generators inher¬ 
ently are smaller and lighter due mainly 
to the elimination of the exciter and slip 
rings. This is especially marked in very 
small high-speed units and in high-fre¬ 
quency multipole designs where the diam- 



PERCENT OF RATED CURRENT (NOMINAL) 


Figure 7. Voltage versus load characteristic 
curves of typical permanent-magnet generators 
with various power-factor loads both with and 
without a compensator 


672 


Brainard Synchronous Machines with Rotating Permanent-Magnet Fields August 1952 




Figure 8. 1,25-kya 6-pole 90- 
cycle generator coupled be¬ 
tween the gasoline engine and 
refrigeration compressor of a 
truck refrigeration unit which 
mounts under the trailer. The 
generator supplies 3-phase 
power for the evaporator 
blowers in the trailer as well 
as all control and battery 
charging 


eter is large compared to the axial 
length. For many engine-generator ap¬ 
plications this permits use of a no-bearing 
design since the rotor simply replaces the 
engine flywheel. 

Cost 

The permanent-magnet rotor is in¬ 
herently expensive due to the high price 
of the Alnico V magnets used; although 
the laminated structure, using punch press 
instead of machined parts, has greatly re¬ 
duced the over-all cost. In these designs 
Alnico is used only as magnet material 
and not as any connecting or structural 
part. 

Elimination of the exciter brings 
the cost of the smaller permanent-magnet 
generators well below that of a conven¬ 
tional unit complete with exciter. 

t 

Efficiency 

Operating cost of a permanent-magnet 
generator is less than for an equivalent 
conventional unit due to the higher over¬ 
all efficiency resulting from the elimina¬ 
tion of all excitation losses. These elim¬ 
inated losses include not only the actual 
field power but also the entire exciter 
losses and the commutator and slip-ring 
friction losses. Efficiencies range from 75 
per cent for the 0.1-kw 12,000-rpm gener¬ 
ator with high windage and friction los¬ 
ses, up to approximately 93 per cent for 
the 1,800-rpm units rated at 10 lew or 
larger. 


Maintenance 

Elimination of field windings and the 
associated slip rings, commutator, brushes 
and so forth, eliminates practically all up¬ 
keep expense since the only remaining 
wearing parts are the bearings, and when 
practical, heavy-duty sealed-for-life bear¬ 
ings may be used. The rotor itself is a 
solid mass of metal with no insulation ma¬ 
terial and thus it is practically indestruc¬ 
tible. Alnico V magnetization is not af¬ 
fected by time nor by any normal vibra¬ 
tion or heat. 

Rating—Heating 

Correctly designed permanent-magnet 
generators have almost no heat generated 
in the rotor and usually have less than 
conventional stator losses. For this 
reason, the maximum capacity of a given 
unit usually is detennined by inherent 
voltage regulation limitations rather than 
by heating. The very small high-speed 
units may be operated completely sealed 
without exceeding class A temperatures, 
but larger generators require reasonable 
cooling and when operated with compen¬ 
sators, or on high power-factor loads, 
heating may become the limiting factor. 

Voltage Regulation and Control 

The inherent voltage regulation of a 
permanent-magnet generator is some¬ 
what similar to that of a highly saturated 
electromagnet machine (with full satura¬ 



Figure 9. 1.25-kva 6-pole 90- 
cycle rotor complete with 
horizontal series of bolts show¬ 
ing the strength of the magnets. 
This rotor becomes the engine 
flywheel of the unit shown in 
Figure 8 



Figure 10. Magnetizer for large 14- and 28- 
pole rotors, 75-kva 28-pole 400-cycle rotor, 
maximum capacity. Twelve-inch diameter, 5- 
to 20-kva 28-pole charging plate in machine 
with 15/4-inch 20- to 75-kva 28-pole plate 

unmounted 


tion maintained at all speeds) and thus 
varies from fairly close regulation for 
unity power-factor loads to poor regula¬ 
tion for highly lagging power-factor loads. 
See Figure 7 for typical regulation curves 
based on a nominal current rating which 
may be varied over fairly wide limits de¬ 
pending upon the generator application 
and the associated control equipment. 
Leading power-factor loads tend to in¬ 
crease the voltage so that close voltage 
regulation can be obtained if each load is 
power-factor corrected (or slightly over 
corrected) by adding sufficient parallel 
capacitance. Where it is not feasible to 
correct the load power factor, a series 
capacitor device called a compensator 
may be used to increase the voltage for 
lagging power-factor loads, but it cannot 
correct for the voltage drop on unity 
power-factor loads. 

Compensator 

A compensator for low-voltage gener¬ 
ators (under 500 volts) consists of a series 
transformer in each phase lead with a ca¬ 
pacitor connected across each secondary. 
On a generator rated at 120/208 volts, the 
transformer would have a ratio of ap¬ 
proximately 10 to 1 to work the capacitors 
at an economical maximum voltage of 300 
to 400 volts for a corrective action of a 
30 to 40 volts at maximum zero power- 
factor load. By interconnection between 
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the capacitor circuit and the phase wind¬ 
ings, a bucking or boosting action may be 
obtained in addition to the usual voltage 
stability at low power factors. 

Improved Voltage Control 

The actual voltage control of perma¬ 
nent-magnet generators has been con¬ 
sidered impossible except for such com¬ 
plicated methods as mechanically moving 
the rotor axially in relation to the stator 
and thus varying the flux interlinkages. 
However, a simple method of obtaining a 
small range of effective and accurate con¬ 
trol of the generated voltage is by means 
of a special control winding on the stator. 5 
This control winding is simply a uniform 
series helical winding in the bottom of the 
slots and over the back of the stator core. 
No appreciable alternating voltage ap¬ 
pears at the terminals of the winding if it 
is uniform around the entire circumfer¬ 
ence. Direct current in this winding 
superposes an undirectional flux on the 
alternating flux in the stator core. This 
increases the reluctance of the core and 
thus lowers the generated voltage as the 
control current is increased. Tests show 
this change in voltage to be linear with 
control winding current. The required 
direct current may be obtained by recti¬ 
fying some of the output of the perma¬ 
nent-magnet generator and, if so, the ad¬ 
vantage is increased since the control load 
is added at low loads and removed at high 
loads, just opposite to a conventional gen¬ 
erator which requires maximum excita¬ 
tion for maximum loads. This control 
may be manual or automatic, but it is 
limited to approximately a 10-per-cent 
change in voltage due to the excessive 
control power required for a greater range. 
The combination of a control winding for 
fine adjustment and a compensator for 
basic voltage stability under a wide varia- 


Figure 11. Magnetizer with 
20-kva 28-pole 400-cycle 
rotor installed and 75-kva 
plate in foreground. The two 
4-ton compound hydraulic 
pushers break the magnetic 
circuit so that the rotor can 
be turned easily. A third 
pusher, not shown, moves the 
rotor to the vertical position 
for installation 


tion of load power factor seems at present 
to offer the best solution to the problem of 
voltage control. This subject of voltage 
regulation and control of permanent- 
magnet generators is a full development 
project and is barely outlined here. 

Applications 

A perfect application for small per¬ 
manent-magnet generators is in rockets 
and guided missiles where the small size, 
light weight, high efficiency, positive ex¬ 
citation, and absence of external excita¬ 
tion with moving contacts and associated 
radio interference are all of vital impor¬ 
tance not countered by considerations of 
cost and difficulty of controlling voltage. 
Large aircraft applications also will be in 
this category as soon as better voltage 
control is perfected. 

On a military application of a 15-kva 
400-cycle permanent-magnet generator 
an additional 2 1 / 4-kw 28-volt d-c genera¬ 
tor was required with no radio interfer¬ 
ence. The d-c generator was eliminated 
by adding a low voltage 3-phase winding 
to the regular stator winding and rectify¬ 


ing the output under control of a mag¬ 
netic amplifier. 

Another excellent application using a 1- 
kw 6-pole permanent-magnet generator is 
the truck refrigeration unit shown e in 
Figures 8 and 9. Here the rotor becomes 
the engine flywheel and it in turn drives 
the refrigeration compressor by a semi- 
flexible coupling. The critical require¬ 
ments are light weight, short axial length, 
no brushes, and so forth, which might 
cause failure, and the ability to generate 
power at any speed. The generator powers 
the 3-phase induction motor-driven evapo¬ 
rator blowers in large semitrailers and 
also supplies single-phase power for charg¬ 
ing the starting battery and for all con¬ 
trol and for a convenience outlet which 
may be used for portable lights, electric 
drills, impact wrenches, and so forth. 
Advantage is taken of the variable speed 
range by running the engine (and thus the 
blowers) continuously but at low speed 
except when the control thermostat sig¬ 
nals for more cooling. Positive excita¬ 
tion is essential since generator failure 
could result in loss of refrigerated cargo 
valued at tens of thousands of dollars. 

A permanent-magnet generator driven 
by the static belt is an ideal power source 
in the high-voltage terminal of a Van de 
Graaf generator. 6 

Microwave relay stations, especially 
isolated telegraphic stations, require a 
maintenance free power unit which will 
transfer from normal to standby power 
supply with perfect voltage continuity 
and negligible change in frequency. Such 
a power unit is a dual motor-generator set 
consisting of a permanent-magnet gen¬ 
erator normally driven by an induction 
motor but with a d-c motor on the same 
shaft for emergency service from battery 
power. The d-c motor brushes are ener¬ 
gized continuously but they are held off 
the commutator by solenoids to prevent 
wear. The d-c field is partially excited 
so that the transfer to d-c power by drop- 


Figure 12. Typical demag¬ 
netizing curve for Alnico V 
with characteristic curves for 
both air stabilized (D and E) 
and short-circuit stabilized (F 
and G) generators 
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ping the brushes and increasing the field 
to normal is accomplished with no current 
surge or speed change. The rotor inertia 
prevents an objectionable drop in speed 
for the few cycles required for a change 
from one a-c source to another or to bat¬ 
tery power and this can be reduced still 
further by the addition of flywheels to the 
rotor. 

Magnetizing 

It is possible to magnetize some rotors 
by applying a suitable voltage to the 
stator winding with the rotor properly 
positioned in the stator, but in general it 
is necessary to use a special magnetizing 
device with a powerful coil and a heavy 
steel circuit to obtain full saturation of the 
magnets. This is especially true of high- 
leakage rotors where the stator steel is de¬ 
signed to carry only the magnet flux 
minus the leakage flux and thus cannot 
handle the much greater magnet mag¬ 
netizing flux plus the still greater leakage 
flux. With a large 28-pole rotor, as shown 
in Figures 1 to 4, it is impossible to satu¬ 
rate completely the entire magnet even 
with the powerful magnetizer shown 
in Figures 10 and 11. This machine is 
used to magnetize all 14- and 28-pole 
rotors which require more than simple 
leverage to turn the rotor. The two com¬ 
pound hydraulic pushers each have a 4- 
ton thrust which proved to be just barely 
sufficient to release the 75-kva rotor. The 
magnets are magnetized two poles at a 
time, one north and one south, separated 
by a pair of poles, since the poles are too 
close together to allow space for the 
steel and winding necessary for simul¬ 
taneous magnetizing of adjacent poles. 
Fewer poles, up to at least ten, can be 
magnetized to full saturation on a single- 
shot machine. 

Stabilizing 

The magnets in a generator must be 
stabilized 7 so that there will be no change 
in no-load voltage following any normal, 
or specified abnormal, load condition. A 
sudden short circuit causes the greatest 
load demagnetization, hence, it may be 
used as the stabilizing means, and usually 
is the means used when the rotor is mag¬ 
netized in the stator. If the rotor must be 
magnetized outside the stator, it is neces¬ 
sary to design the pole tips to give the 
desired leakage flux or to apply a special 
keeper 8 which will maintain a definite flux 
as the rotor is moved from the magnetizer 
into the stator. Such a keeper may be 
designed to stabilize the magnet prop¬ 
erly or it may be oversized and stability 


obtained later by short-circuiting the 
windings. The keeper and short-circuit¬ 
ing designs may be used for certain special 
purpose applications, but for general use 
the rotors must have complete air sta¬ 
bility. Air stability means that the rotor 
can be removed from the stator without 
any special keeper device and yet main¬ 
tain its full stabilized condition and the 
generator have the same voltage charac¬ 
teristics after reassembly. 

The elongated pole tips of the 4-pole 
rotor shown in Figure 5 act as partial mag¬ 
netic shunts to increase the leakage as re¬ 
quired for best air stabilization. High- 
frequency low-speed units such as the 28- 
pole rotor shown in Figure 4 do not re¬ 
quire extended pole tips as the leakage 
with normal pole width may be higher 
than is desired for best magnet air stabili¬ 
zation. 

Qualitative Design Considerations 

Figure 12 shows a typical demagnetiza¬ 
tion curve for Alnico V where By is rem- 
anence and He is the coercive force (the 
demagnetizing force necessary to reduce 
the induction to zero). 9 Line OA is the 
air-gap line and indicates the flux in a 
complete rotor and stator circuit neg¬ 
lecting saturation of the soft iron parts. 
Line OC is the same circuit characteristic 
with iron saturation included, 10 but the 
difference is small and may be neglected 
except for some special designs. The mag¬ 
net characteristic is not considered so 
these curves can be calculated from the 
dimensions of the entire magnetic circuit 
and the magnetization curves of the steels 
used in both rotor and stator. Line OD 
is the characteristic of a special high-leak¬ 
age rotor alone (equivalent to a unit with 
a stator having unity permeability) and 
OE is the same characteristic except that 
all flux outside of the air-gap space is 
neglected (equivalent to a stator having 
zero permeability). Lines OF and OG 
are similar to OD and OE but are for 
rotors of few poles and more conventional 
configuration, which must be stabilized 
by short circuit to obtain any reasonable 
output. These are drawn as straight 
lines since the saturation in the rotor usu¬ 
ally can be neglected. 

These lines may be plotted on the de¬ 
magnetization curve as shown, taking into 
account all leakage flux and the actual 
length and cross-sectional area of the mag¬ 
net material. The slopes of lines OA and 
OC will change slightly depending upon 
the type rotor used but only one set is 
shown for simplicity. 

For most efficient use of the magnetic 
material, it is necessary that the magnet 


be stabilized near its point of maximum 
energy product and the point I on the 
curve is taken as just below the peak, see 
the paper by Fritz Strauss 3 for curves and 
discussion. If the rotor is stabilized at 
the point J, either in air or by short cir¬ 
cuit, the flux thereafter will follow (ap¬ 
proximately) the minor loop line back to 
no-load point /, where line IJ is drawn 
through I parallel to the tangent to the 
magnet curve at point Br. 7 Application 
of loads having less demagnetization force 
than the stabilizing force will retain all ac¬ 
tion along this minor loop. Ordinate J 
indicates the total magnet no-load flux 
but only the portion JK or JL is effective 
for generation since point K or L measures 
the leakage flux which does not enter the 
stator. At no load, and at high or leading 
power-factor load with little demagneti¬ 
zation, there may be little difference in 
generated voltage between air stabilized 
and short-circuit stabilized machines, but 
heavy overload at lagging power factor 
might shift the operation to point M on 
the minor loop and the effective flux 
would be reduced to MN for the air sta¬ 
bilized machine but only to MB for one 
stabilized by short circuit. The correct 
design of rotors to be short-circuit sta¬ 
bilized is more complicated than for air 
stabilizing since the slope of the leakage 
line OG must be such that the short-cir¬ 
cuit current generated by the effective 
flux IQ is the exact current which will 
cause demagnetizing to desired point J. 

No mention is made of subtransient 
short-circuit peaks with consequent 
extreme demagnetizing effects since 
tests show that these generators have 
comparatively small instantaneous peak 
values of only about double the steady- 
state short-circuit current and all designs 
considered herein have the magnets cast 
in a solid aluminum alloy body which acts 
as a short-circuiting turn around each 
magnet, thus greatly reducing the de¬ 
magnetizing effect of any assymmetrical 
current peak. Most designs take further 
advantage of the aluminum by providing- 
suitable openings in the pole tips and sup¬ 
porting structure so that effective damper 
bars are cast in place. 

The magnetic and electrical design of 
permanent-magnet generators follows 
conventional practice except for certain 
modifications required by the change in 
source of magnetic energy. These modi¬ 
fications are discussed in detail in Part 
II by Fritz Strauss. 3 
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Interlaminar Insulation Test (or 
Synchronous Machine Stators 
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Synopsis : A method is presented for test¬ 
ing the serviceableness of the interlaminar 
insulation in the core of a synchronous ma¬ 
chine stator. The proposed test requires 
only the installation of a test winding to 
magnetize the core. A simplified method is 
described for the design of the test winding 

A COMPREHENSIVE guide for the 
maintenance of synchronous ma¬ 
chine insulations requires a method for 
testing the interlaminar insulation. On 
occasions, operators of synchronous ma¬ 
chinery find it desirable to determine if a 
suspected damaged area of the stator iron 
is suitable for continued service. Damage 
to the stator iron may occur in the fol¬ 
lowing ways: 

1. Mechanically 

Accidental abrasion in removing or in¬ 
stalling the rotor. 

Abrasion during operation by the fracture 
of an amortisseur bar. 

2. Electrically 

Arc burning during a failure of the wind¬ 
ing insulation. 

A readily applied test to assure the 
serviceableness of a damaged area will 
avoid the alternate procedures of replac¬ 
ing or restacking portions of the stator 
iron. 

Test Method 

An effective test can be made by in¬ 
stalling a magnetizing winding around the 
stator iron, designed so that the resulting 
ampere turns will produce a flux in the 
stator at rated frequency and at approxi¬ 
mately operating density. The turns of 
the test winding should encircle the stator 
by way of the main bore and outer frame, 
unless a preferable return route is avail¬ 


able closer to the magnetic iron through 
ventilating space between the stator iron 
and the outer frame. This winding usu¬ 
ally can be designed for a few turns, and 
can be installed at a location remote from 
the area suspected as damaged in order to 
allow free space for an inspector to enter 
the bore for temperature measurements. 

These temperature measurements made 
during the magnetization of the core will 
determine the seriousness of the damage. 
A dangerously damaged area will over¬ 
heat after a few minutes of magnetiza¬ 
tion. 

Design of Test Winding 

The design of the test winding can be 
based on the turn voltage of the main 
stator winding by the simple relation¬ 
ship that the volts per turn of the test 
winding be one-half the volts per turn of 
the main winding. 

This relationship is displayed by Fig¬ 
ure 1 wherein (A) shows a simple 2-pole 
machine having an armature coil with 
sides directly in the center line of the 
field poles. The flux produced in opera¬ 
tion by the field generates E t volts per 
turn in the armature winding. This 
field flux has two parallel circuits in the 
stator. Therefore, a magnetizing test 
winding encircling the stator having EJ 2 
volts per turn, as in Figure 1(B), will pro- 
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duce an equal number of flux lines in the 
stator iron. 

Data on stator windings supplied to 
operators of synchronous machinery gen¬ 
erally include information by which the 
test winding can be designed. Use of 
these data in the following equation will 
provide the required turn voltage for an 
effective test winding: 

Volts per tura-^A— 
where 

E — rated voltage of armature coil series 
(for a 3-phase Y-connected machine, 
E is equal to^ the terminal voltage 
divided by V3) 



FIELD FLUX <J) GENERATES E t VOLTS 

PER TURN IN MAIN WINDING 

(A) 



Figure 1. Elementary diagram of core mag 
netization for synchronous machine 


676 


Tomlinson—-Interlaminar Insulation Test for Synchronous Machine Stators 


August 1952 


N —number of coils in series 
T = number of turns per coil 
K p = coil pitch factor 

The total number of turns of the mag;- 
netizing winding is determined by the re- 
quired turn voltage and the voltage of an 
available test source. 

The ampere requirements for the test 
winding depends on the magnetic quali¬ 
ties of the stator iron and the mean cir¬ 
cumferential length of the stator. Ex¬ 
pressing the mean length in terms of the 
mean diameter, and based on the usual 
working density of the core iron, ampere 
requirements can be estimated by divid¬ 
ing 300 ampere turns per foot of mean 
core diameter by the number of turns re¬ 
quired for the test winding. Thereby the 
required conduction area can be deter¬ 
mined for the magnetizing coil. 

In some cases it is desirable to install a 
transformer between an available supply 
source and the test coil in order to obtain 
a balance between the required voltage 
per turn and the magnetizing ampere re¬ 
quirement. 

Although the magnetization of the core 
with this procedure provides an effective 
test for the integrity of the core insula¬ 
tion, it is recognized that the density re¬ 
sulting may not be equal to that for full¬ 
load operation due to such factors as the 
stator winding distribution and armature 
load voltage drops. If assurance of the in¬ 
terlaminar insulation is desired at higher 
densities, the test can be extended to 
these higher levels by the removal of 
turns of the test winding. With the same 
voltage applied, the ratio of the resulting 
currents will be greater than the inverse 
squared ratio of the number of turns. 

Conclusions 

This paper presents a test method 
readily applied in the field to determine 
the integrity of the core interlaminar in¬ 
sulation. This test forms a necessary part 
of a comprehensive program for the main¬ 
tenance and testing of synchronous 
machinery insulations. 

An effective interlaminar insulation 
test may be made hv encircling the stator 
with a magnetizing winding whose turn 
voltage is equal to one-half the turn volt¬ 
age induced during operation in the 
stator winding. 

The temperature rise of a seriously 
damaged area will be excessive after a few 
minutes of core magnetization. 


A sample calculation and test results 
for a modern 75,000-kva turbogenerator 
is given in the Appendix. 


Appendix. Sample Calculations 
and Test Results for 75,000-Kva 
Turbogenerator 


Rating 

75,000 kva, 3,600 rpm, 14,400 volts, Y- 
connected, three phase. 

Winding Data 

Two parallel windings, each of eleven 1-turn 
coils. 

Winding pitch = 28/33. 

Pitch factor = 0.972. 

Calculations for Test Winding 

Required volts per turn 

14,400 = „ SR 
2 XV3X 11X1X0.972 

A 2,400-volt station service source is avail¬ 
able. 

Therefore, magnetizing winding should have 
2,400/388 = 6 turns. 

Mean diameter of stator = 7 feet. 

Therefore, probable current = (300 X7)/6 = 
350 amperes. 

Estimated magnetizing kilovolt-amperes = 
2.4X350 = 840. 

Required conduction area = 250,000 circular 
mils. 


Test Results 


With 2,360 volts applied to a 6-turn 
winding, 335 amperes flowed, resulting in a 
magnetizing force of 2,000 ampere turns. 

Test was extended to higher density by 
the removal of one turn. 

With five turns, 650 amperes flowed, re¬ 
sulting in a magnetizing force of 3,250 
ampere turns. 


Note: 


650 /6\ 2 
335 \5/ 


Discussion 

L. M. Domeratzky (General Electric Com¬ 
pany, Lynn, Mass.): Mr. Tomlinson is to 
be complimented on presenting information 
about core testing in such a manner as to be 
of greatest value to the user of this type of 
apparatus. 

It might be interesting to point out the 
additional design data usually obtained 
when such a core test is run in the factory. 
We instrument the exciting coil with a volt¬ 
meter, ammeter, and wattmeter, connected 
through suitable instrument transformers. 
Thus loss in the core can be checked and the 
magnetizing ampere-turns also can be de¬ 


termined. By using an adjustable-tap 
transformer the flux density can be varied 
over a considerable range. Flux density in 
the yoke is determined by looping a single¬ 
turn search coil around several packets of 
laminations and connecting the ends across 
a low-range voltmeter. 

Applying Mr. Tomlinson’s procedure to 
several generators on which core tests have 
been run, we find that his calculations 
would have established a flux density in 
the core about 5 to 10 per cent lower than 
rated flux density. This is certainly close 
enough for the purpose intended, namely 
the detection of bad spots in the core ena¬ 
mel. However, detection of hot spots 
might be easier at rated flux density or even 
at higher densities. Therefore, we would 
suggest that, when suitable facilities are 
available, a voltage about 10 per cent 
greater than calculated by Mr. Tomlinson’s 
method be applied. This increased voltage 
will take care of the leakage flux in the 
frame, flanges, and binding bands, which 
we have found to be as great at 8 per cent in 
some cases. At the increased voltage and 
flux density, the current requirements also 
would be greater, in the order of 400 to 500 
ampere-turns per foot of mean stator yoke 
diameter. 


H. R. Tomlinson: The author is grateful 
to Mr. Domeratzky for comparing the re¬ 
sults obtained by this test method with a 
factory procedure where more exact results 
are obtained with instrumentation. The 
close correlation between the two is re¬ 
assuring for the effectiveness of this test 
method. 

The suggestion that the applied voltage be 
10 per cent greater than that calculated by 
the formula is well advised. However, the 
user need not be too concerned about how 
close the test flux is to rated density or the 
exact path of the flux during the test, if the 
desired end result is only a proof of the in¬ 
tegrity of the interlaminar insulation. 

The following experience has been ob¬ 
tained by tests based on the formula de¬ 
scribed in the paper: 

I. That core iron visibly damaged was not 
in serviceable condition without repair. 

2. That core iron suspected as damaged 
was in serviceable condition. 

3. That tooth tips without visible damage 
were not in serviceable condition without re¬ 
pair. These have been found at scattered 
locations within a stator, even at locations 
remote from the magnetizing winding. 

Hence it may be stated that the proven 
effectiveness of the described method for 
testing interlaminar insulation justifies the 
simplicity of the calculations without other 
correcting factors. 

The user may desire to check a test with 
instrumentation. This requires only a cur¬ 
rent reading with a clip-on ammeter and a 
voltage reading lengthwise across the stator 
core to check the calculated turn voltage of 
the test winding. 


QfJ Y 
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Synopsis : This contribution to the dis¬ 
cussion of the fire risks of transformers is 
limited to tests on the materials which enter 
the apparatus and their probable behavior. 
Comparisons are made regarding flamma¬ 
bility of the solid insulations, as well as the 
gases evolved from them. These gases are 
analyzed for chemical composition and 
volume, and calculations made regarding 
their probable action in a transformer. The 
flammability characteristics of the various 
classes are shown to overlap to a consider¬ 
able degree, especially for the insulation 
classes B and H. This emphasizes the fact 
that insulation classes are intended to de¬ 
fine temperature limitations as regards ag¬ 
ing, but do not necessarily classify flamma¬ 
bility. 

O F THE various types of transform¬ 
ers in use, nothing need be said 
about oil-filled transformers which con¬ 
stitute the very great majority. It is 
probably the desire for improvement over 
their performance in this respect which 
warrants interest in the behavior of other 
types. 

The first improvement, on which there 
has now been substantial experience, was 
the introduction of noninflammable liquid 
insulations. These have well-demon¬ 
strated characteristics of noninflamma¬ 
bility and no production of explosive 
breakdown materials which can contri¬ 
bute to secondary explosions. Extensive 
internal arcing with much energy, how¬ 
ever, can produce disruptive pressures 
and severe mechanical effects resulting 
from vaporization. The class-ri solid 
materials associated with these liquids do 
not appear to contribute much to fires 
because of the inert liquid and gas. 

The introduction of open dry-type 
transformers removed all liquids and re¬ 
duced the amount of inflammable ma¬ 
terial in the solid insulations. The 
amount of inflammable material still 
necessary, however, led to extensive tests 
which indicated severe fires could be 
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caused under extreme and rather remote 
conditions as, for instance, prolonged ex¬ 
ternal short circuits. Caution against the 
possibility of fire and secondary explo¬ 
sions was voiced. At least one well- 
authenticated case has illustrated the 
possibilities inherent in a prolonged ex¬ 
ternal short circuit in a confined space 
with a resulting secondary explosion. 

More recent developments which have 
advantages in the direction of reduced 
risk are sealed dry-type transformers 
using class-5 or class-iJ insulation with 
an atmosphere of inert gas. These would 
seem to make the possibility of fire or ex¬ 
plosion exceedingly remote. Neverthe¬ 
less, it does not appear that the possibility 
can be dismissed entirely and some exam¬ 
ination may be justified. 

The behavior of a faulted transformer is 
to a degree speculative. The location of 
the fault, energy available, and timing of 
protective devices all influence the 
amount of insulation which may be af¬ 
fected. In an external circuit fault at or 
near the terminals of a transformer it is 
known that all of the turn insulation, and 
possibly some adjacent insulation, will be 
affected to an extent determined by the 
magnitude and duration of the short-cir¬ 
cuit current. In an internal fault prob¬ 
ably only a portion of the turn insulation 
will be involved and the duration prob¬ 
ably will be of the order of cycles or 
seconds. Severe cases of either type are 
fortunately infrequent, but it is worth 
while to look at ultimate possibilities. 

Methods of Approach 

There are in general two methods of ap¬ 
proach to this problem. One is to test 
complete units or at least representative 
coils under conditions of very heavy over¬ 
loads or complete failure. Due to cost of 
samples and time for building and test¬ 
ing, it is practical to test only a few in this 
manner. Also, the variables tested can be 
few. Furthermore, while visual and 
rough over-all effects can be obtained, the 
tests do not lend themselves to accurate 
analysis of results. 

A second method is to test the com¬ 
ponents of dry-type transformers. This 
makes possible many tests, good control 


of samples and conditions of test, and ’ 
better analysis of test results. Therefore, 
this method is selected as the practical ap¬ 
proach. Although it does not provide 
over-all answers and there is uncertainty- 
in extrapolation to full-scale apparatus, 
we believe that information obtained from 
such tests may throw light on the problem 
under consideration. 

Materials Tested 

Components tested are representative 
samples of class-A, - B , and -B insulation. 
These samples have cellulose, asbestos, 
and glass as base materials and phenolics, 
polyesters, and silicones as impregnating 
resins. These are materials that are used 
currently in dry-type transformers. 

The tests conducted are standard 
American Society for Testing Materials 
(ASTM) tests plus some special addi¬ 
tional tests to demonstrate various char¬ 
acteristics. 

Burning Rate Test 

A burning rate test is used in accord¬ 
ance with ASTM Method D-635-41T} 
This uses insulation samples 1/2 inch 
wide and 1/4 inch thick by 6 inches long. 
Reference marks are made 1 inch and 5 
inches from one end. A Bunsen burner 
flame is placed under one end for 30 
seconds and then removed. Elapsed time 
is recorded for progression of flame be¬ 
tween the two marks. If the sample does 
not burn after the first application, the 
flame is placed under the sample for 30 
seconds the second time. In case the 
sample does not continue to burn to the 
5-inch mark, the sample is reported as 
£t self-extinguishing.” 

Flammability Test 

This is made in accordance with ASTM 
Method D-229-49} Insulation samples 1 
inch wide by 1/8 inch thick by 8 inches 
long are notched in a specified manner 10 
notches per inch, and 7 feet of number 30 
B & S gauge niehrome wire is wound 
around the sample in these notches. One 
hundred ten volts are applied to the ends 
of the wire. The time interval is recorded 

Table I. Flammability 


Number of Sam¬ 
ples that Con¬ 
tinued to Bum 

Insulation with Power Off, 

Class Seconds to Ignite Per Cent 


A.47—118.100 

B (3 types). . .32—146. Some 

failed to ignite. 56 

B (4th type). . Failed to ignite. 0 

H.Failed to ignite. 0 
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Tabic 11. Decomposition Products in Per Cent 


Insulation Class, 

A B* B* H 


Total t^as evolved 
referred to class A.. . . 100 
Analysis of gases evolved 
Unsaturated hydro¬ 
carbons. . 7 

Saturated hydrocar¬ 
bons. . 0 

Hydrogen.' 53 

Carbon monoxide. 40 

Carbon dioxide. 0 

Liquids evolved by weight 

Water. 55 

Nonvolatile liquid. . ' ! 5.5 


.77.0..25.0..56 


.. 9.3. 

.0 . . 

25.2 

..11.5. 

.40 . . 

51.6 

. . 3.3. 

.34 . . 

18.0 

. .15.8. 

.13 . . 

5.2 

. .60 . 

.13 . . 

0 

. . 7.9. 

. 0 .. 

0 

. . 5.5. 

. 7.7.. 

0 


and considerable variation in representa¬ 
tive materials in each class. 

In order to show the extreme variation 
possible in the flammability of class-5 in¬ 
sulation, the range for three rather com¬ 
mon class-5 insulations are shown 
grouped together in Table I and a fourth 
type is shown separately. This fourth 
type is a special flame-resisting class-5 
insulation not in general use. Results 
similar to this fourth type also are ob¬ 
tained from a glass mat melamine com¬ 
bination. 


*Two different types. 


between the application of the voltage and 
when the sample bursts into flame. 

Inflammability of Vapor Test 

An insulation sample is placed in a con¬ 
tainer with a small hole in the cover. The 
sample is taken of such size that the ratio 
of its weight to the volume of the con¬ 
tainer is the same as the ratio of the weight 
of transformer turn insulation to the 
normal volume of gas in a typical sealed 
dry-type transformer (1 pound to 2,400 
cubic inches). The container is strongly 
heated by a large Bunsen burner and a 
small pilot gas flame held over the hole 
in the cover. This test is made both with 
nitrogen and air as the gas to simulate 
conditions in either sealed or open dry- 
type units. 

Decomposition Products Test 

The insulation sample is placed in a 
closed system in an atmosphere of nitro¬ 
gen and the container of the sample is 
heated to a bright red heat (of the order of 
600 to 700 degrees centigrade) until de¬ 
composition of the sample takes place. 
The volume of gas evolved is measured 
and analyzed as to chemical content. 
Also, water and other liquids (nonvolatile 
at 100 degrees centigrade) given off are 
weighed. 

Results of Tests 

Burning Rate Test shows all insulation 
samples, whether class A, B, or II, to be 
self-extinguishing in terms of the criterion 
of the test; that is, they failed to burn the 
required distance. Note that these 
samples, in order to conform to ASTM 
Standards, are 1/4 inch thick. It is un¬ 
doubtedly true that below a certain 
thickness some of the samples, if not all, 
will cease to be self-extinguishing. 

Flammability (Ignition Rate) Test shows 
a marked difference in classes of insulation 


Diflammability of Vapors. In these 
tests, in all but one insulation sample, the 
gases from class-A, -5, and -H insulations 
burn continuously. However, a special 
flame-resisting class-5 sample (fourth 
type, Table I) had vapors that burn only 
initially. After about 2 l /% minutes, 
vapors evolved from this sample do not 
burn even with repeated trials of pilot 
igniting flame. Results similar to this 
fourth type also are obtained from a glass 
mat melamine combination. 

Decomposition Products Test. Accord¬ 
ing to analysis, gases are evolved from the 
typical samples tested as shown in Table 
II. 

Some of the extreme variations of de¬ 
composition products from class-5 in¬ 
sulations are illustrated in Table II by 
listing two different class-5 materials. 

Both of these materials are in general 
use. 

In the case of typical sealed dry-tvpe 
units utilizing materials similar to those 
tested and assuming complete disintegra¬ 
tion of turn insulation due to a fault, we 
might form some general conclusions. 

1. Combustible gases referred to class-A 
sealed unit as^ 100 per cent and factoring 
actual quantities of combustible gas might 
give percentages as shown in the second 
column of Table III. 

In the case of an open dry-type trans¬ 
former the situation is altered due to the 
availability of oxygen during decomposi¬ 
tion. It is probable that carbon dioxide 
will be generated instead of carbon mon¬ 
oxide. Also, it is possible that some of the 
hydrogen will come off as water. The de¬ 
composition products will also probably be a 
function of the temperature that the fault 
produces as well as the rate at which this 
decomposition progresses. From the previ¬ 
ously enumerated inflammability of vapor 
tests we do know that practically all the 
samples tested gave off combustible gases. 
However, the ratios of combustible gases in 
open units as affected by insulation class 
have not been determined. 

2. . Toxic gases referred to class-A sealed 
unit as. 100 per cent and factoring actual 
quantities of toxic gas might give percent¬ 
ages as shown in the third column of Table 
III. In an open unit, some or all of the CO 
probably will be C0 2 which will be nontoxic. 

3. Pressures produced by insulation de¬ 


composition in sealed units may be divided 
into two cases. One is that due to a long- 
duration external fault involving all the turn 
insulation and lasting at least a matter of 
minutes. In this assumption it is to be 
expected that the water evolved does not 
add to pressure as any such production 
would have adequate time to be condensed 
on tank surfaces that would be below 100 
degrees centigrade. The second case is that 
of an internal fault of the order of cycles or 
seconds duration. Such a fault in general 
will involve only a portion of the total 
winding, for example, 10 per cent. Using 
the same number of pounds of turn insula¬ 
tion for each class and tank volumes that 
are normally found in current designs, and 
assuming total decomposition of insulation 
involved, the last two columns in Table III 
are arrived at. 


Conclusions 

1. Insulations of the order of y 4 inch thick 
are self-extinguishing irrespective of class 
after subjection to moderate flames. This 
may be of some interest in open transform¬ 
ers. 

2. Ignition rate of representative insula¬ 
tions shows class H much superior with 
some special class-5 insulations quite out¬ 
standing. Class 5 in general may be better 
or poorer than class A, depending on ma¬ 
terials used. This test again is primarily of 
interest in open air. 

3. Most normal samples of insulation, 
irrespective of class, give off inflammable 
vapors when heated strongly. A special 
class-5 insulation not now in general use 
shows outstanding noninflammable charac¬ 
teristics. 

4. Class-5 insulation may evolve a greater 
or a less total volume of gas than class H. 
Also class 5 may have a considerable per¬ 
centage of noninflammable gas (COs) and, 
as a result, has actually less inflammable 
material. 

5. Class-5 and -H insulations produce only 
about 10 to 30 per cent as much toxic gas 
when in a sealed unit as class A. 

6. Under external fault conditions and 
assuming a duration sufficient to decompose 
all turn insulation, it appears that, except 
for one example tested, any of the classes of 
insulation tested conceivably may produce 
pressures that will rupture normal trans¬ 
former tanks. However, in the case of one 
class 5, the tank probably would withstand 
the pressure produced. 


Table HI. Combustible and Toxic Gases 
Referred to Class-A Sealed Unit 





Pounds Gauge 




Pressure at 100 


Com- 

Toxic 

Degrees 

Centigrade 

Insula- 

bustible 

Gas 


Localized 

tion 

Gas, 

(CO), 

External 

Internal 

Class 

Per Cent 

Per Cent 

Fault 

Fault 

A..., 

... 100 .... 

. . . 100 .... 

....60.... 

. 12 

B*... 

* •« 31 •««• 

. .. 30.... 

....47.... 

. 11 

B*... 

... 22 _ 

... 8 .... 

10 

• * * * Ai/ . « 1 , 

. 6 

H.... 

... 56- 

. .. 7_ 

. • ..35.... 

. 7 


*Two different types. 
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7. Under localized internal fault conditions 
involving of the order of 10 per cent of the 
winding, the transformer tank probably will 
withstand the pressures that are produced. 

8. It would appear that class # compares 
favorably with class # as regards flamma¬ 
bility and pressures produced in sealed 
transformers. 
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Discussion 

M. I. Alimansky (General Electric Com¬ 
pany, Pittsfield, Mass.): The application of 
dry-type transformers in large kilovolt¬ 
ampere ratings is growing rapidly. Con¬ 
tributions such as this one to the funda¬ 
mental knowledge of this line of apparatus 
are, therefore, important both to users and 
manufacturers. 

This paper deals with fire risks and their 
differences, depending on the differences in 
behavior of various insulating materials 
usually classified as A, #, or #. When one 
examines the definitions for each of these 
classes, 1 it is evident that each designer can 
arrive at his own interpretation. Further, 
as the authors point out, the flammability 
characteristics of these classes under fault 
conditions overlap to a considerable de¬ 
gree. 

It is a fact that apparatus designers are 
employing insulation structures that are 
mixtures of two or more of these classes. In 
addition, the rapid stream of new develop¬ 
ments in the field of natural and synthetic 
insulations is providing us with great variety 
of characteristics which can’t always be 
neatly pigeonholed into a specific class. 
Then, to top it off, we have the marked im¬ 
provements resulting from the employment 
of inert gases, such as nitrogen, as against 
air. 2 * 3 How can such a combination of solid 
and gaseous insulation be classified pre¬ 
cisely? 

This paper adds further emphasis to the 
fact that the old classifications of A, B, and 
H are no longer adequate. A new basis for 
setting appropriate temperature limits for 
dry-type apparatus is needed! 
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M. L. Manning (Pennsylvania Transformer 
Company, Canonsburg, Pa.): This paper 
presents questionable data for class-# in- 
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sulation compared with class -B insulation. 
The statement in the paper that class-# 
insulation contains 56-per-cent combustible 
gas compared with 22 per cent and 32 per 
cent for class B (class A on a 100-per-cent 
basis) should not remain unchallenged. Also, 
a conclusion is drawn that sealed dry-type 
transformer tanks may rupture under the 
pressure of generated gas, whether insula¬ 
tion is in the conventional forms of class A , 
B, or #, if an external fault lasts long enough 
to decompose all the turn insulation. But, 
it is stated, in the case of one class-# in¬ 
sulating material, the tank probably would 
withstand the pressure produced. 

These statements are contrary to what 
is known for class-# insulation as it is used 
for sealed-in-nitrogen transformers through 
1,500-kva ratings for network, station 
auxiliary, and substation application. 

First of all, the base materials, such as 
glass fibers or asbestos, must be thoroughly 
heat cleaned before impregnation with the 
silicone resins or rubbers. By heat cleaning 
is meant the removal of binders and lubri¬ 
cants in the material which will decompose 
at 220 degrees centigrade or higher tempera¬ 
ture. The remaining base material is, 
therefore, 100-per-cent inorganic. The 
silicone bonding or impregnating resins or 
elastomers (silicone rubbers) are, therefore, 
the only remaining constituents to be eval¬ 
uated. Our class-# transformers are given 
a final 4-hour cure at 250 degrees centigrade 
(482 degrees Fahrenheit) to remove vola¬ 
tiles in the impregnating varnish. 

For truly class-# transformers, the turn- 
to-turn and major insulation is primarily 
glass fiber impregnated by the silicones. 
Basically, the barrier construction is silicone- 
rubber coated glass fiber. Tests on this bar¬ 
rier insulation by application of a 5,000- 
degree-Fahrenheit oxygen-acetylene torch 
demonstrate that combustion will not be 
supported. Silicone rubber becomes beaded 
silica. The turn-to-turn insulation is pre¬ 
dominantly glass fiber bonded by silicone 
resin. Certainly, no products of decomposi¬ 
tion can be considered to be originated from 
the wire covering. 

Silicone resins, cured at 250 degrees centi¬ 
grade, have been evaluated through 600 de¬ 
grees centigrade (1,112 degrees Fahrenheit) 
to determine if volatiles are a problem in 
nitrogen atmosphere at such high tempera¬ 
ture. It was found at 600-degree-centigrade 
exposure for 2 hours that the noncondens¬ 
ible products were not explosive in nitrogen 
atmosphere. 

The United States Navy 1 has made ex¬ 
tensive tests on silicone-insulated electric 
equipment installed in submarines. It was 
proved that no health hazard was found 
through 230-degree-centigrade temperature 
up to 96-hour operating time submerged. 
A single motor “burn-out” in a given sub¬ 
marine installation is not believed to in¬ 
crease the total level of carbon monoxide 
concentration to a dangerous value. 

The Naval Medical Research Institute 2 
made an evaluation on three electric motors, 
one class-# insulated and two motors in¬ 
sulated with Teflon—a class-# fluorocarbon 
polymer bonded with glass fibers. Tests 
were made in a closed chamber with a horse¬ 
power to volume ratio equal to that found in 
submarines, without replenishment of air for 
96 hours of continuous operation at tem¬ 
peratures up to and including a burn-out 
above 300 degrees centigrade. The class-# 


insulation consisted of the usual phenolic- ’ 
resin bonded materials as found in class-# 
transformers. The class-# insulation was 
glass fiber bonded with Teflon resin. The 
chamber air was analyzed at 24-hour in¬ 
tervals for oxygen, carbon dioxide, and 
carbon monoxide. For the class #? addi¬ 
tional analyses were carried out for phenol, 
formaldehyde, and ammonia. For Teflon, 
additional measurements were made only for 
fluoride. At insulation temperatures in ex¬ 
cess of 150 degrees centigrade for class #, 
CO concentrations were injurious to health. 
For Teflon-glass fiber, insulation tempera¬ 
tures above 250 degrees centigrade, CO 
concentration did not constitute a health 
hazard. On burn-out tests at temperatures 
in excess of 300 degrees centigrade, dense 
smoke appeared at 2 3 / 4 -hour duration on the 
class-# motor, and it was enveloped in 
flames. Samples of the atmosphere at 
failure of the motor showed 0.36, 0.31, 28.3, 
and 504 parts per million of phenol, formal¬ 
dehyde, and carbon monoxide respectively. 
The insulation was completely burned to a 
crisp. The Teflon-glass fiber insulation 
under similar conditions showed less than 
0.10 of the carbon monoxide concentration 
and about 0.2 of 1 per cent fluoride. The 
motor revealed none of the usual signs of 
burned-out equipment. 

For class-# units, transformer tanks prop¬ 
erly designed, and with relief devices, 
should withstand pressures found under ex¬ 
treme conditions of operation. Class-# 
insulated transformers, sealed-in-nitrogen, 
as described in an AIEE paper 3 and in this 
discussion, are the answer for elimination of 
fire and explosion hazards. 

The story of class-# insulation application 
to transformers does not end. Plant in¬ 
vestment in equipment to make silicones has 
increased from a fraction of a million dol¬ 
lars in 1944 to twenty-four millions of dol¬ 
lars in 1952, leading to an estimated invest¬ 
ment of thirty-four millions by 1954. The 
most remarkable characteristic of class-# 
insulation is its versatility. It has done 
work which other previously available in¬ 
sulation could not perform. In its realm 
lies the future of dry-type transformers. 
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E. D. Treanor and L. 0. Whitman: Mr. 
Alimansky has brought out the point that 
the overlapping of flammability character¬ 
istics of the A, #, and # classes of insula¬ 
tions emphasize the need of clarification of 
insulation classification. New natural and 
synthetic insulations with a variety of 
proper operating temperatures, as well as the 
increasing industrial applications of these 
materials, make this matter of immediate 
importance and one that should be actively 
pursued to a conclusion. 
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In replying to Mr. Manning, let it be made 
clear that the authors have presented only 
factual test data and have made an impartial 
analysis of these facts to reach the conclu¬ 
sions given. The company the authors 
represent manufactures transformers and 
much other apparatus utilizing class-jU as 
well as class-A and -5 insulations. In fact, 
the company is in the business of manufac¬ 
turing the main constituent of class-iT in¬ 
sulation, namely, silicone resins. Thus we 
are of necessity in the position of arriving at 
the correct answers and the limitations, if 
any, to these insulations rather than arriving 
at a particular answer. Thus the percent¬ 
ages of combustible gases evolved at fault 
temperatures may be surprising to many 

but are facts which must be faced and dealt 
with. 

In regard to heat cleaning of base ma¬ 
terials used, this is, of course, a basic re¬ 
quirement in the case of glass cloth or glass 
mat in order to get satisfactory impregna¬ 
tion of the resin used. Failure to do this re¬ 
sults in a poor insulation not only from the 
viewpoint of aging and flammability char¬ 
acteristics but also from dielectric qualities. 
In the case of asbestos, if the type known as 
quinterra is used, only asbestos fibers are 
present. If quinargo or some of the other 
asbestos papers are used, they may contain 
some cellulose fibers. Materials tested were 
composed of both insulating materials that 
we manufactured and which were preheat- 
treated to remove binders and lubricants, 
and also some vendor materials of which we 
have no guarantee that this was done. 

The silicone insulations tested were all 
cured at a temperature in excess of 200 
degrees centigrade for at least 12 hours. 
This equals or exceeds the cure Mr. Man¬ 
ning mentions and removes materials vola¬ 
tile at these temperatures. 


The United States Bureau of Mines 1 has 
published an illuminating report containing 
data on toxicity and flammability of class-A 
and class-5 insulations. This report showed 
wide overlapping of characteristics but in 
general it was concluded that the volumes 
of carbon monoxide, cyanides, and ammonia 
are approximately equal for the materials 
they tested. Also, “For the same type of 
resin an inorganic filler will provide a more 
flame-resistant plastic than an organic fil¬ 
ler.” A particularly illuminating conclusion 
made by these investigators is: “It should 
be noted that an increase in flame resistance 
will result in a thermal decomposition of the 
material which will evolve more toxic gases 
than if the same material had ignited.” 

The application of an oxygen-acetylene 
flame to silicone may be taken as a check on 
the “burning rate test” the authors used. 
However, in changing the silicone resin to 
“beaded silica” there is certainly a chemical 
change with resulting decomposition prod¬ 
ucts which the authors have shown are in¬ 
flammable when accumulated and which 
may have some toxic gas components. The 
toxicity of course will be a function of the 
parts per million in the surrounding atmos¬ 
phere and may be dangerous only in con¬ 
fined spaces. 

Mr. Manning makes the statement that 
no products of decomposition can be con¬ 
sidered to be originated from wire covering 
composed of glass fiber bonded with silicone 
resin. The authors cannot subscribe to this 
opinion. Under fault conditions the copper 
windings can be heated sufficiently to disin¬ 
tegrate the silicone resin. Silica is only one 
of the decomposition products and the other 
elements present in silicone resin will re¬ 
combine in various groups, some of which 
are shown in Table II in the paper. If there 
is sufficient silicone to provide mechanical 


bonding and electrical strength in the wind 
ing, there will be a sufficient amount to pro¬ 
vide these disintegration products. 

The United States Navy 2 has shown that 
for temperatures to 230 degrees centigrade 
the operation of silicone-insulated apparatus 
in submarines does not constitute a health 
hazard. However, at higher temperatures 
than this, such as would be developed due to 
external circuit fault or localized internal 
fault condition in a sealed dry-type trans¬ 
former, there could be carbon monoxide 
concentrations which would constitute a 
hazard to health. It is these extreme condi¬ 
tions and not normal operating conditions 
that this paper deals with. Knowledge of 
possibilities under these extreme conditions 
will allow users to provide safety rules and 
proper action under such contingencies. 

The development of considerable internal 
pressures such as outlined in this paper 
should be recognized by the manufacturers 
so that adequate means of containing these 
gases without rupture or relieving by auxil¬ 
iary devices, if demonstrated desirable, can 
be accomplished. 

Silicone insulations definitely have a place 
in the electrical industry. Their proper ap¬ 
plication involves not only the use of their 
desirable high temperature and aging char¬ 
acteristics but the proper balancing of the 
economics of higher losses due to higher 
temperatures, and the recognition of the 
particular operating problems of silicone in¬ 
sulations when subjected to special con¬ 
tingencies. 
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The Re-examination of Temperature 
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W HEN insulations were first classi¬ 
fied 1 ' 2 as to limiting temperatures, 
definitions were relatively simple as all of 
the basic components existed in nature. 
No synthetic or truly man-made materials 
were employed at that time. Therefore, 
the materials fell readily into two classes: 
organic and inorganic. Temperature 
limits for the insulation classes were 
selected at first on the basis of simple 
tests, but the classification was largely 
determined by whether organic or in¬ 
organic components were used. Subse¬ 
quently, it was recognized that organic 
materials fell into two different tempera¬ 
ture classes based on whether they were 


composed entirely of fibrous organic con¬ 
stituents (class 0) or whether the fibrous 
components had additional protection 
from thermal aging by impregnation with 
varnishes or by immersion in oil. The in¬ 
organic components, which were de¬ 
scribed under class-5 definition, mica and 
asbestos, had very obvious uses. Mica 
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was then the only possible inorganic di¬ 
electric barrier, whereas asbestos could be 
used only as a separator on low voltage 
parts or as a binder and structural mem¬ 
ber. The question of functional evalua¬ 
tion of insulation did not occur to the 
engineers who made the original classi¬ 
fications as little or no opportunity for 
such a choice existed. 

With the advent of man-made mole¬ 
cules in numerous synthetic materials 
suitable for use as electrical insulation, 
the problem of classifying insulations ac¬ 
cording to the original definitions has be¬ 
come a very puzzling one. It has become 
apparent that materials can no longer be 
defined simply as organic or inorganic 
even if the intermediate class of semiin¬ 
organic is added. It has been found that 
even truly organic materials as designed 
and fabricated by the chemists have 
vastly different levels of thermal endur¬ 
ance, as well as differences in their phys¬ 
ical properties both between themselves 
and from those organic materials occur¬ 
ring in nature. It therefore becomes de- 
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sirable to re-examine the definitions of in¬ 
sulation classes in AIEE Standard Num¬ 
ber 1 1 in order to make a more realistic ap¬ 
praisal of presently available materials 
and to provide more suitable means for 
classifying them and the materials as yet 
to be developed. 

Functional Evaluation 

It is the author’s opinion that insulation 
temperature limitation, should be estab¬ 
lished with due consideration given the 
function which the insulation must per¬ 
form in the apparatus. To accomplish 
this, it is proposed that the AIEE stand¬ 
ards recognize that insulating materials 
have three distinctly different uses in 
electric apparatus : 

1. To provide dielectric strength by barrier 
action. 

2. To provide physical separation across 
creep age surfaces or through a porous 
structure. 

3. To provide physical support and surface 
binding. 

It is imperative that the insulation used 
for the major ground insulation wall on 
machines provide suitable dielectric bar¬ 
rier action 3 (or that very long creepage 
surfaces be employed). Turn-to-turn in¬ 
sulations for low voltage may provide 
only separation for low voltage duty and, 
therefore, relatively small creepage dis¬ 
tances are frequently adequate. How¬ 
ever, on the higher voltages, where turn- 
to-turn stresses are high, a dielectric bar¬ 
rier may be required between turns. 
Where the insulation’s main function is 
physical support, dielectric barrier action 
may be of little importance as that is 
usually provided by other insulation com¬ 
ponents. The opinion has grown in the 
electrical engineering profession that an 
insulation may be entirely suitable for one 
of these three applications and not for 
others under similar temperature condi¬ 
tions. When considered from the view¬ 
point of thermal aging, this leads to the 
conclusion that materials should be classi¬ 
fied thermally according to how well and 
how long it can perform its intended 
functions under the conditions of thermal 
aging encountered on specific applica¬ 
tions. 

AIEE Standard Number 1 1 is subject 
to many varied interpretations for several 
classes of insulation. This is particularly 
true of classes B and H. As a member of 
the Working Group revising this standard 
(for the 1947 issue) the author feels free to 
criticize this part of the basic insulation 
concepts and urge further changes to 
clarify and improve it. One example of 


the inconsistencies and misinterpretation 
lies in the use of fiber glass. The defi¬ 
nition reads, “Class-2? insulation con¬ 
sists of mica, asbestos, fiber glass, and 
similar inorganic materials in built-up 
form with organic binding substances. A 
small portion of class-.4 materials may be 
used for structural purposes only.” By 
one interpretation varnished fiber glass 
cloth fits this and therefore could be used 
as major ground insulation. Yet ex¬ 
perience had demonstrated that not all 
varnished fiber glass cloth has suitable 
thermal endurance to provide dielectric 
barrier action when operated at the per¬ 
missible class-2? temperature. On the 
other hand, few engineers will question 
the suitability of fiber glass covered and 
varnished wire as a satisfactory class-2? 
turn or strand insulation where the oper¬ 
ating stress is 50 volts or less per turn. In 
the case of varnished fiber glass cloth, 
it is important to recognize that it is the 
insulation level of the varnish as a di¬ 
electric barrier after thermal aging which 
should determine the temperature class 
of the insulating material or insulating 
system. In the case of the glass-covered 
wire, the varnish serves only structural 
purposes and can be relied on to preserve 
physical support and spacing long after 
its varnish film is no longer a dielectric 
barrier. (In most instances the bond is 
not intended to contribute to the dielec¬ 
tric strength.) 

Current Concepts Affecting Insulation 
Temperature Limits 

Following are several ideas, widely 
held by insulation engineers, which affect 


decisions as to changes in temperature 
limits: 

1. Tests on insulation in the “as made” 
condition are not sufficient to demonstrate 
its suitability for service under the present 
temperature class definitions. 

2. Suitability for service at specific tem¬ 
peratures should be determined on the basis 
of the particular requirements depending 
upon whether the electrical, mechanical, or 
chemical requirements predominate. 

3. Insulating materials may have several 
different temperature limits depending upon 
which properties are being utilized in differ¬ 
ent applications. 

4. Accelerated thermal aging tests have 
become a recognized tool for quick but 
limited evaluation of thermal endurance. 
However, accelerated test data should be 
supplemented with long-time tests at 
approximately normal temperature ex¬ 
tending over an appreciable percentage of 
the expected or desired minimum life of the 
insulation system. 

Diversified Thermal Aging Tests 

Thermal endurance studies by investi¬ 
gators 4 " 10 have made important contribu¬ 
tions to the background of thermal aging 
of insulation. Information contained in 
papers by Mathes 11 and Cypher and 
Harrington 1 - present some very inter¬ 
esting and significant data on functional 
evaluation of complete insulation sys¬ 
tems. Such work should be continued 
and expanded. However, it must be rec¬ 
ognized that all of these studies have 
evaluated specific insulation systems. 
They do not solve the basic problems of 
defining and classifying the materials. 
It would be possible to make broad con¬ 
clusions from much of the existing test 



Figure 1. Effect of thermal aging and humidification on relative dielectric strength of insulating 

wrappers in test bars 
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data concerning general classes of insula¬ 
tion which may be misleading unless the 
basic materials are first defined and classi¬ 
fied more clearly than the existing Stand- 
ard Number l. 1 Two points of view are 
essential to a complete understanding of 
thermal aging: 

1* Individual materials must be classified 
according to their specific functional evalua¬ 
tion. 

2. Insulation systems must be evaluated 
functionally as a whole for specific duty 
requirements. 

It is important to know the inherent 
limitations of a material and how thermal 
aging affects its electrical and physical 
properties with reference to each of its 
three possible kinds of usage in insulation 
systems. When this has been determined, 
the functional evaluation of an insulation 
system containing this and other com¬ 
ponents will take on greater significance. 

Such a comprehensive program pre¬ 
sents many problems and will require the 
co-ordination of many diverse points of 
view as well as the accumulation and 
analysis of a great deal of test data. The 
first step is to agree on objectives and defi¬ 
nitions. 

Thermal Aging Data on Dielectric 
Barriers 

As a contribution to this point of view, 
tests were conducted to study the effect 
of thermal aging on a series of coil wrap¬ 
pers, such as used for ground insulation on 
armature coils. These include cotton and 
glass cloths with organic varnish coatings, 
glass cloth with silicone varnish and glass 
cloth-backed mica wrappers with both 
organic and silicone varnish bonds. These 
materials were applied to test bars to 
simulate coil structures. All were evalu¬ 
ated as dielectric barriers using step-by- 
step 1-minute a-c tests to failure as a func¬ 
tion of time at 175 degrees centigrade 
with humidification after aging. Data 
are presented in Figure 1 where relative 
dielectric strength is plotted against time 
of aging. Unity for relative dielectric 


strength is the voltage required to break¬ 
down the physical separation where no 
dielectric barrier action exists. 

All varnished fabrics in this series of 
tests indicated definite signs of thermal 
aging as measured by loss in dielectric 
barrier action. The differences between 
the cloths were only a matter of degree. 
Referring to the data on organic-var¬ 
nished cotton and glass cloth, the con¬ 
tribution of the glass cloth is too small to 
justify differentiating in the standards, 
yet by some interpretations of AIEE 
Standard Number 1 fiber glass cloth with 
organic varnish coating is considered a 
class-B dielectric barrier. 

Both class-B and class-iT mica wrap¬ 
pers exhibit initial values and retention of 
dielectric barrier action far beyond that 
obtained from the organic-varnished 
cloths used in these tests. It is signifi¬ 
cant that although the initial insulation 
level is high the silicone-varnished glass 
cloth (class H by definition) lost its di¬ 
electric barrier action at a faster rate 
than the class-B mica wrapper. 

The information is offered in support 
of the position that present definitions are 
inadequate to differentiate clearly tem¬ 
perature classes of insulation and that 
some revision of AIEE Standard Number 
1 should be undertaken. 

Proposed Changes in Insulation 
Standards 

The following suggestions are pre¬ 
sented for discussion and development as 
contributions to broadening and improv¬ 
ing insulation standards. It is hoped that 
they will help in realistic evaluation of 
current insulating materials and systems. 
These should be of greater value in fitting 
newer materials in their proper engineer¬ 
ing and economic fields. 

1. Recognize the three uses (separation, 
dielectric barrier, and physical support) of 
insulating materials in apparatus with re¬ 
spect to evaluation of temperature stability, 
and differentiate between the requirements 
for each. 


2. Define insulation temperature classes in 
relation to functional evaluation of ma¬ 
terials for specific time-temperature relation 
to reach certain levels of physical and/or 
electrical strength. 

3. Establish recognized tests for functional 
evaluation for the thermal endurance of in¬ 
sulation systems for specific service condi¬ 
tions. 

4. Require comprehensive testing of new 
materials and systems under standard test 
methods before classifying as to thermal 
endurance rather than reading them into a 
general class by definition. 
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Discussion 

M. L. Manning (Pennsylvania Transformer 
Company, Canonsburg, Pa.): This paper 
presents ideas that should be utilized in de¬ 
termining temperature standards for elec¬ 
trical insulation in transformers, even 
though Mr. Moses is thinking primarily 
about motor application. 

A transformer coil structure has minor and 
major insulation. By minor insulation is 
meant turn-to-turn or component parts not 
directly connected to ground, and by major 


insulation is meant high-voltage to low- 
voltage windings to ground or to low-volt¬ 
age and ground insulation. The purpose of 
such insulation is to provide dielectric 
strength by barrier action, to provide creep- 
age surface, and to provide physical sup¬ 
port. . 

It is evident that insulating materials 
have to comply with diverse requirements. 
In addition to the general electrical proper¬ 
ties, such as high dielectric strength, low di¬ 
electric loss, and high voltage creepage 
strength, an ideal insulating material has to 
satisfy heat resistance, good heat conduc¬ 


tivity, low water absorption, and good dura¬ 
bility, as well as weather resistance. It pre¬ 
sents a problem to obtain all of these proper¬ 
ties in a single material. Therefore, the 
plan outlined by Mr. Moses in re-evaluating 
different kinds of materials according to 
their thermal stability at operating tem¬ 
peratures and conditions found in service is 
a step in the proper direction. 

The problem resides mainly in class-B and 
class -H insulating materials as far as trans¬ 
formers are concerned. For class-B trans¬ 
formers, tentative approval is granted for an 
80-degree-centigrade average rise by re- 
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sistance and a permissible 30-degree-centi- 
grade hottest spot rise for a 40-degree-centi¬ 
grade ambient, making a total hottest spot 
temperature of 150 degrees centigrade. For 
class-# transformers, of power ratings, sub¬ 
stantiating data prove that a 150-degree- 
centigrade average rise by resistance, plus a 
30-degree-centigrade hottest spot rise (about 
20 degrees centigrade actually obtained), 
plus a 40-degree-centigrade ambient, for 
a total hottest spot temperature of 220 de¬ 
grees centigrade is permissible. 

AIEE Standard Number 1 needs revision 
for class-# insulation. New materials now 
available, such as silicone rubber or Teflon, 
were unknown to any extent when these 
standards were written. The 180-degree- 
centigrade hottest spot temperature selected 
is too low. It seems more reasonable to 
select a hottest spot temperature in the 210- 
to 220-degree-centigrade range for many 
class-# materials now available. 

Aging tests on class-5 and class-# in¬ 
sulations (volts per mil versus days aging at 
elevated temperatures) support the position 
that present definitions of materials are in¬ 
adequate to differentiate temperature classes 
of insulation. The bonds or impregnants, 
plus heat cleaning of glass fiber or asbestos, 
offer the main difference between class-5 
and class-# materials. 

The design engineer faces a dilemma when 
he reviews aging curves of class-5 insulation 
giving the relationship of voltage strength 
versus days aging at 150- to 175-degree-cen¬ 
tigrade temperatures, even though the base 
cloth is similar. The varnish impregnants, 
plus flexing over a 1 /8-inch mandrel, make a 
decided difference. For example, tests on 
class-5 0.012-inch-thick varnish coated 
glass fiber cloth using 2-inch-diameter elec¬ 
trodes in air at a 150-degree-centigrade tem¬ 
perature show a change from 1,000 volts per 
mil to 350 volts per mil, no flexing, at the 
end of 56 days. The same insulation flexed 
over a 1/8-inch mandrel decreases to 100 
volts per mil at the end of 56 days. A class- 
# material, such as silicone rubber coated 
glass fiber cloth, 0.020-inch thick, aged at 
250 degrees centigrade in air and flexed over 
a 1/8-inch mandrel, maintains a constant 
450-volts-per-mil strength for at least 90 
days. These examples show strikingly the 
differences in materials and the importance 
of thermal stability evaluation at operating 
temperatures. 

The proposed changes in insulation stand¬ 
ards outlined in the paper offer a realistic 
evaluation now necessary for materials. 


L. E. Sauer (Westinghouse Electric Cor¬ 
poration, Sharon, Pa.): Mr. Moses has 
shown the need for re-examination of con¬ 
tinuous temperature classification of insula¬ 
tion systems; however, there are several 
types of apparatus subject to sudden high 
overloads, which make it imperative that 
some realistic limits also be established for 
temperatures under short-circuit conditions. 
This means that instead of one flat tem¬ 
perature limit calculated with all heat stored 
in the conductor, there should be numerous 
temperature limits depending on the type of 
apparatus and its cooling rate and that the 
heat storage capacity of associated conduc¬ 
tor insulation be considered in calculating 
the permissible temperature. Also this 
means there must be a different temperature 
limit if different starting temperatures ex- 



Figure 1 

Curve 1: Single 350,000-circular-mil cable 
stretched out on floor 3,400 amperes 50 times 
0.030 Tk. cotton tape, calculated all heat 
stored in copper 283 degrees centigrade 
Curve 2: 350,000-circular-mil cable coil per 
Figure 3, 3,112 amperes 30 times 0.030 Tk. 
cotton tape, calculated all heat stored in 
copper 250 degrees centigrade 
Curve 3: 350,000-circular-mil cable coil per 
Figure 2, 3,400 amperes 30 times 0.030 Tk. 
cotton tape, calculated all heat stored in 
copper 283 degrees centigrade 


Figure 4 

Curve 1: Ten-layer, four"turns per layer coil 
500,000-circular-mil cable 0.030 Tk. glass 
tape calculated all heat stored in copper 248 
degrees centigrade cooling curve by resistance 
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Figure 2. Sample coil with thermocouple 
buried in contact with core strand of cable 



Figure 3. Sample coil with thermocouple 
between conductor and insulation 


ist. These points were recognized in AIEE 
Standard Number 32 . 1 The curves in 
Figures 1 and 4 of this discussion will show 
why consideration should be given to the 
heat storage capacity of insulation and the 
rate of cooling in establishing short-circuit 
temperature limits. 

Class-/! insulation, Figure 1, curve 1: 
Single 350,000-circular-mil cable stretched 
out on the floor, heating time 1 minute, ther¬ 
mocouple imbedded so junction is in con¬ 
tact with core strand of cable. Calculated 
temperature all heat stored in copper 283 
degrees centigrade cools to starting tempera¬ 
ture in 8 minutes. Curve 3 has the same 
size cable wound in two discoidal layers per 
Figure 2; it requires 21 minutes to cool to 


Curve 2: 350,000- 

circular-mil cable coil 
per Figure 3, 3,682 
amperes 30 times 0.060 
Tk. asbestos tape calcu¬ 
lated all heat stored in 
copper 350 degrees 
centigrade 

Curve 3: 300,377- 

circular-mil cable coil 
per Figure 2, 3,600 
amperes 34 times 0.050 
Tk. asbestos tape calcu¬ 
lated all heat stored in 
copper 435 degrees 
centigrade 

Curve 4(A): Fourteen- 
layer, seven turns per 
layer coil 500,000-cir¬ 
cular-mil aluminum cable 
4,000 amperes 3.3 sec¬ 
onds 0.030 Tk. glass 
tape calculated all heat 
stored in aluminum 358 
degrees centigrade 
Curve 4(B) starts from 
end of curve 4(A)/ 570 
amperes applied after 
1-minute cooling calcu¬ 
lated all heat stored in 
aluminum 402 degrees 
centigrade 
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starting temperature. Curve 3 is for the 
inner turn thermocouple; the one in the 
outside turn was 50 degrees lower. The coil 
for curve 2 was constructed per Figure 3 
with thermocouples on the outside of the 
copper but under the insulation. The 
camel "back of Figure 3 construction is much 

more pronounced in class-B insulation, 
curve 2. 

Figure 4: Curve 3, Figure 2 construction, 
shows a calculated temperature rise of 435 
degrees for all heat stored in the copper, 400 
degrees if the heat storage capacity of the 
impregnated asbestos tape is included. This 
still leaves a gap which probably means 
some heat storage in the supporting columns, 
radiation, and convection. Curve 1 for 10- 
layer—four turns per layer neutral ground¬ 
ing coil calculated to reach 248 degrees in 
269 seconds at 2,700 amperes. The equiv¬ 
alent normal rating is 30 kva; the cooling 
curve is by resistance. To make just short- 
circuit life tests on this small size current 
limiting reactor would cost $5,000; to du¬ 
plicate the tests for the four sets of 2-layer 


coils in Figures 2 and 3 today would cost 
$2,000.^ Knowledge of actual cooling from 
these high temperatures in larger designs is 
desirable, so in conjunction with design tests 
to determine the behavior of aluminum 
cable coils under short-circuit conditions we 
have obtained cooling curves on a reactor 
normally rated 180 kva, 14 layers seven turns 
per layer. Thermocouples were embedded 
in ten different parts of the coil section so 
the hottest spot could be determined on reg¬ 
ular continuous temperature run. 

The 4(A) run of Figure 4 was calculated 
to reach 358 degrees in 3.3 seconds at 14,000 
amperes, all heat stored in the aluminum 
starting from approximately 132 degrees. 
Curve 4(B) was calculated to reach 402 de¬ 
grees for the same heating time with current 
starting at the end of curve 4(A) cooling, 
166 degrees. To check the effect of reclosure 
on the cooling, 570 amperes was put through 
the coil after approximately 1 minute of 
cooling. This makes an appreciable dif¬ 
ference in the cooling rate. Experience in¬ 
dicates that the old limits on permissable 


short-circuit temperatures were probably too 
low for well-ventilated coils, and just about 
right for poorly ventilated ones. 

I believe AIEE Standard Number 32 was 
the first step in the right direction of estab¬ 
lishing realistic temperature limits, and 
have hopes that American Standards As¬ 
sociation Standard Number 57.16 now 
under revision will be another progressive 
step. . Certainly the present standards are 
anything but realistic. 
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G. L. Moses: It is gratifying to learn of the 
discussors’ general agreement with the pro¬ 
posals contained in this paper. Work has 
already begun in subcommittees and work¬ 
ing groups to incorporate these ideas into 
the standards. This will not be easy, but 
should be of value to the industry if it can 
be accomplished. 
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T HE majority of transmission-line 
outages results from faults involving 
ground with lightning as the principal 
cause. This fact has long been known 
and appreciated by system engineers, but 
it has been substantiated and re-empha¬ 
sized recently by the comprehensive re¬ 
port 1 of the AIEE-EEI Joint Committee 
on Line Outages. Consequently ade¬ 
quate ground relay protection is impor¬ 
tant and necessary to maintain the high 
degree of service as required today. 

While there are numerous papers in the 
AIEE literature on specific ground relay 
schemes and problems, there does not 
seem to be available a general review of 
the principles and practices on this im¬ 
portant subject. This paper will attempt 
to present such a review with the hope 
that it will be of value to system and pro¬ 
tection engineers. 

Most transmission systems in this 
country are grounded, usually solidly, al¬ 
though some are grounded through re¬ 
sistance, reactance, or impedance. They 
generally have a multiplicity of grounding 
points. Consequently, except in a few 
cases, ample ground or residual currents 
(3/o) and voltages (3Eo) are available and 
used for operating the protective relays. 
Jo and E 0 are the zero sequence quantities. 


Negative sequence current (J 2 ) and volt- 
age (E 2 ) are also present on ground faults 
and can be used in combinations with the 
zero sequence quantities to detect and 
isolate their faults. The term “ground 
faults refers to faults between one or two 
lines or phases, and ground (or any point 
connected to the ground wires or earth). 
Three line-to-ground faults will not oper¬ 
ate ground relays unless there is sufficient 
unbalance to produce measurable zero 
sequence. Thus this fault generally is 
considered as a phase fault 

None of these discriminating quantities 
for ground faults are present to any ap¬ 
preciable degree during normal balanced 
3-phase operation. This important and 
fundamental principle makes it possible 
to apply separate relays or elements for 
ground protection which are set very sen¬ 
sitively and below 3-phase load. Thus, 
separate ground relays are applied almost 
universally if the system is grounded. 

It should be recognized that the phase 
relays, which must be set so as not to 
operate on maximum load, also may oper¬ 
ate on some of the ground faults. How¬ 
ever, this generally is not considered in 
the application of ground relays. When¬ 
ever the phase relays do operate, they 
provide additional backup protection. 


Here it becomes evident that the 
method of symmetrical components is an 
invaluable and necessary tool to the relay 
engineer. Dr. Fortescue’s powerful in¬ 
vention has made possible much of the 
advancement attributed to the relay art, 
and in particular to ground relaying. Con¬ 
stant reference will be made to positive, 
negative, and zero sequence quantities as 
they exist on line-to-ground and 2-line-to- 
ground faults. 

General Types of Ground Relays 

Any transmission line in a grounded 
system can be protected by a combination 
of one or more of the following types of 
relays: 

1. Time overcurrent using 

a. inverse time relays 

b. constant or fixed time relays 

2. Time directional overcurrent using same 
relays as in item 1 

3. Instantaneous overcurrent 

4. Instantaneous directional overcurrent 

5. Directional reactance 

6. Pilot differential using 

a. pilot-wire relays 

b. directional-comparison (current or 
voltage) carrier relays 

c. phase-comparison carrier relays 

d. transfer trip relays 

The order of these is roughly that of in- 

Paper 52-182, recommended by the AIEE Relays 
Committee and approved by the AIEE Technical 
Program Committee for presentation at the AIEE 
Summer General Meeting, Minneapolis, Minn., 
June 23-27, 1952. Manuscript submitted April 1, 
1952; made available for printing May 6, 1952. 

J. L. Blackburn is with the Westinghouse Electric 
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Figure 1. Typical time-current characteristics 
of the various inverse relays 


creased speed of operation and increased 
cost. The problem of application is to 
determine the type that will give adequate 
protection for the degree of service re¬ 
quired of the circuit. A direct answer to 
this for any particular system is not pos¬ 
sible as there are too many variables such 
as the characteristics of the system, the 
operating practices, and economics, as 
well as the requirements of the protective 
system. 

Polarizing Methods for Directional 
Ground Relays 

Where a directional characteristic is re¬ 
quired, two schemes are used. One is to 
employ a separate element to indicate the 
direction of fault power. This element 
controls the overcurrent element by vari¬ 
ous means which in turn provides the time 
current characteristics shown in the in¬ 
verse, very inverse, and definite minimum 
time curves of Figure 1. The directional 
element time, being fast in relation to the 
overcurrent time, usually is neglected in 
the operating time of the relay. The 
second scheme is to obtain directional 
characteristics from the overcurrent ele¬ 
ment itself by bringing out both sets of 
operating coils. Thus the operating char¬ 
acteristic is a function of the product of 
two currents or one current and one volt¬ 
age. This gives the product-type relay 
curve of Figure 1. 

For ground directional indication, a ref¬ 
erence is necessary to determine whether 
the line current is into the line or into the 
bus. The zero sequence voltage (3 Eq) 
can be used since it is always in the same 
direction regardless of the location of the 
fault except for special cases of induction. 
This is known as potential polarization. 
The polarizing voltage is measured across 
the open corner of a star grounded- 
broken delta potential transformer. 
Either the main or auxiliary set of trans¬ 
formers can be connected in this manner. 
The latter connections are illustrated in 
Figure 2. 


Another method of obtaining a direc¬ 
tional reference is to use the current in the 
neutral of a grounded star-delta power 
transformer bank. The connections for 
this method also are shown in Figure 2. 
This is current polarization, and potential 
transformers are not required. Where 
there are several banks at a station the 
current transformers in all the neutrals 
should be paralleled to provide polariza¬ 
tion as long as at least one bank is in serv¬ 
ice. 

Three-winding transformer banks can 
be used for current polarization as long as 
there is a delta winding or tertiary and 
one star-grounded winding. If there are 
two grounded-star windings and delta 
tertiary, then both neutrals must have 
current transformers paralleled with their 
ratios inversely proportional to the bank 
voltages. 

The grounded neutral of an autotrans¬ 
former with delta tertiary may or may 
not provide a correct polarizing source as 
the current in the neutral can be either up 
or down or zero for faults on the high-volt¬ 
age side. It is always up the neutral as in 
two winding transformers for all low side 
faults. A current down the neutral and 
out into the line for high side faults ap¬ 
pears the same to the directional element 
as current up the neutral and in to the 
high side of the bank for low side faults. 
This reference or neutral reversal is a 
function of autotransformer impedances 
and ratio and of the interconnected low 


side zero sequence system. The deter- f 
urination of this is covered in the text 
books on symmetrical components and is 
outlined in reference 2. 

In most cases the direction of the zero 
sequence current in the 3-winding dr auto¬ 
transformer delta tertiary is always in the 
same direction and can be used for polar¬ 
izing. In this case a single current trans¬ 
former is connected inside the delta to 
measure 3/q circulating there, if there are 
no external connections to the delta. 
Otherwise, with external circuits from the 
delta, a current transformer is required in 
each delta winding. The three are con¬ 
nected in parallel and are necessary since 
unbalanced load or fault current can give 
incorrect polarizing current. 

Within the last few years several cases 
of current reversal in the delta have been 
reported so this method must be checked 
before it can be used reliably. The re¬ 
versal occurs because one branch of the 
equivalent transformer circuit is negative 
and is larger in magnitude than the total 
interconnected system. Practically this 
means that a small capacity transformer 
bank (high reactance on a common base) 
is connected to a very large (low react¬ 
ance) solidly grounded system. Where 
this delta reversal occurs, other means for 
polarizing must be found. 

At stations where there are no grounded 
power transformers, potential polarization 
is, of course, the only method applicable. 
Where a grounded neutral is available, 


Figure 2. Typical 
connections for a 
directional ground 
relay using either 
potential or cur¬ 
rent polarization 
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either current or potential polarization 
can be used. However, current polariza¬ 
tion generally is recommended at these 
stations as the residual voltage may be 
quite squall particularly where there are 
large banks and a large residual current 
available. The zero sequence voltage is 
maximum at the fault so that minimum 
polarizing voltage will occur for the re¬ 
mote fault where most of the zero se¬ 
quence voltage is consumed as IZ drop in 
the line. 

Ground relays having means for simul¬ 
taneous current and potential polarization 
are being considered and may become 
standard in the future. Such arrange¬ 
ment automatically is more complex and 
hardly seems justified for many applica¬ 
tions. It is not practical in the product- 
type relay where the time of operation is 
a function of the polarizing quantities. 

Directional ground relays utilizing neg¬ 
ative sequence current and voltage are 
used frequently. The overcurrent ele¬ 
ment operates on zero sequence from the 
main or line current transformer in the 
usual manner, but the directional element 
is energized by negative sequence through 
a current and voltage filter. This relay is 
generally applicable, particularly in a 
solid grounded system. However, it 
seldom is used except where zero se¬ 
quence quantities are not available for 
polarizing. This is a matter of economics 
as the additional filter unit is required for 
negative sequence. Typical applications 
are at ungrounded stations where only 
open delta potential transformers exist or 
where no potential transformers are 
available except on the opposite side of a 
star-delta power transformer bank. The 
negative sequence pickup of this element 
is quite low, but for correct application 
some knowledge of these quantities 
should be available. 

The exception to voltage and current 
polarization is on parallel systems where 
the zero sequence networks are isolated. 
Then a ground fault on one system can in¬ 
duce current into the other along the 
parallel and cause the current and volt¬ 
age to reverse in the ground sources at one 
end. In these cases negative sequence 
directional relays are used since the 
amount of negative sequence induced 
even with untransposed lines is very 
small and negligible. 

Inverse Time Relaying 

The large majority of ground relay 
systems use combinations of the first two 
types with inverse time relays. These 
may provide the primary protection for 
the lines or be used as a secondary system 


for backup protection. The relays all in¬ 
clude an induction disc element operated 
by current, the product of two currents, 
or the product of a current and a voltage, 
and are available with numerous time- 
current characteristics. Some typical 
curves are shown in Figure 1. For high- 
current close-in faults the relays should 
operate fast. However, for lower current 
faults near or at the remote end of the 
line, they must operate with time delay if 
they are to co-ordinate with bus differen¬ 
tial relays or other line relays radiating 
from the remote bus. In this system time 
delay is the only means the relay has of 
determining the location of the remote 
fault. The relay current for all practical 
purposes is the same whether the remote 
fault is on the line itself, on the bus, or on 
other lines out of the bus. In the first 
case, the relay should operate to clear 
the fault, but for the other two cases it 
should not operate until after the other 
protective relays on the bus or lines have 
had an opportunity to clear the fault. In 
this manner each relay selects or co-ordi¬ 
nates with all other relays which may op¬ 
erate on any given fault. Such selective 
settings and operation are necessary in 
order to isolate the trouble area with a 
minimum number of circuit-breaker oper¬ 
ations. 

Most transmission systems, particu¬ 
larity in the higher voltage classes, are 
grounded at more than one point. In 
these multiple-grounded systems direc¬ 
tional-overcurrent ground relays rather 
than straight overcurrent ground relays 
are applied. This considerably reduces 
the complex selectivity problem. Con¬ 
sider the typical system of Figure 3. 
Starting at station A and using direc¬ 
tional-type relays which will operate only 
when fault power flows into the line sec¬ 
tion relay 1 must select or co-ordinate 
with relay 3, relay 3 with relays 5 and 6, 6 
with 8, 8 with 10 and 1, 5 with 11, and 11 
with 9 and 1. Around the loop in the 
counter clockwise direction, relay 2 must 
co-ordinate with relay .10 and 9, 9 with 7, 

7 with 5 and 4, 4 with 2, 10 with 12, and 
finally 12 with 4 and 6. In a loop system 
every relay must select with at least one 
other relay. Since the time setting of 
each relay depends upon the time setting 
of other relays, a definite final setting for 
any relay can not be determined except by 
trial and error. This is further compli¬ 
cated by changing system conditions 
which will give varying operating quanti¬ 
ties to the relays. Usually this can be re- * 
solved into two limits designated as 
maximum and minimum operating condi¬ 
tions. These provide two sets of fault 
data for which the relay must be set to co¬ 


ordinate. In cases where more operating 
conditions with various lines in or out of 
service must be considered, the relay 
operation must be reviewed for each such 
case. 

The product-type relay can give in¬ 
correct sequential operation on parallel 
lines with mutual under certain condi¬ 
tions. Consider two lines on the same 
tower connecting bus A to bus J3. Both 
busses connect to grounded systems. A 
ground fault on line 1 near bus A would 
be cleared fast by the bus A line 1 relay 
and circuit breaker. After this circuit 
breaker opens the effect of the mutual re¬ 
actance in combination with the rest of 
the zero sequence system can cause a 
larger product to exist for bus A line 2 re¬ 
lay than for bus B line 1 relay. This is 
because more of the fault current is sup¬ 
plied by the remote or bus A ground 
source than the near or bus B source. The 
result is that the bus A line 2 relay on the 
unfaulted line operates incorrectly since 
the fault should be cleared by the bus B 
line 1 relay. This does not always occur 
and it depends on the system zero se¬ 
quence constants together with the cir¬ 
cuits used for polarizing. A fault study 
with ground faults on the line side of an 
open circuit breaker permits checking for 
this condition. The other directional 
overcurrent or non-product-type relays 
are not affected in this manner because 
the current through the faulted line is 
always equal to or greater than the 
current through any other line. 

To make selective ground relay set¬ 
tings on any system, the following infor¬ 
mation is required: 

1. A ground fault system study under the 
maximum and minimum operating condi¬ 
tions (and others if necessary). This should 
give 3/o, 3An, / 2 , and Eo fault values and 
their distribution over the system for a 
line-to-ground fault at each station bus. 
Total fault currents are of little use, as the 
division of these values in the protected and 
adjacent lines and in the neutrals of the 
grounded power transformer are required to 
determine the current available for operat¬ 
ing the relays. The voltage and negative 
sequence values are not always required „ 
but they are recorded easily during a study 
on an a-c or d-c calculating board. If they 
are omitted and required later during the 
relay study, they are often very difficult to 
obtain. Frequently the knowledge of the 
redistribution of the fault values for a fault 
on the line side of an open circuit breaker is 
invaluable in applying relays where the 
protection with all circuit breakers closed is 
difficult, or to determine if product-type 
relays can be applied to parallel lines with 
mutual. 

2. The line and neutral current transformer 
ratios which are to be used to energize the 
relays at each location. Where potential is 
used, the potential transformer ratio is 
required. 
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3. The circuit-breaker operating time. 
This information is required to provide the 
proper interval between the overlapping 
relays. This is called the co-ordinating time 
interval and it includes the circuit-breaker 
operating time, plus a margin of safety 
factor for any difference in current trans¬ 
former performances, relay characteristics, 
fault values, relay coasting time, and so 
forth. For 8-cycle circuit breakers the 
value of 0.4 second is commonly used, while 
for the older 30-cycle circuit breakers, 0.75 
second is used. Lower values can be used, 
but with discretion. 

Two general methods of setting the re¬ 
lays are in use. One employs a chart for 
tabulating the system and relay data to¬ 
gether with the setting and time of opera¬ 
tion for various faults. This method is 
described in detail in reference 2. An¬ 
other uses co-ordinate paper on which the 
relay time curves are plotted for several 
locations under various system conditions. 
A graphical picture of the relay co-ordina¬ 
tion thus is obtained. 

It should be apparent that considerable 
time and study are required to set inverse 
time relays on a large system. After the 
relays are set, it is always possible that 
some unexpected system condition will 
upset the co-ordination. These are some 
of the reasons for the trend toward direc¬ 
tional reactance or pilot differential re¬ 
laying. While the first cost of these re¬ 
lays is higher, the saving in man-hours in 
making or .rechecking the settings soon 
can offset the difference. 


Comparison of Time Curves 

With various inverse time charac¬ 
teristics, such as shown in Figure 1, the 
question arises as to which to use. Un¬ 
fortunately no definite answer is possible 
without a detailed study of the particular 
system and its requirements. It is the 
general practice to use the same curve 
characteristic throughout the system to 
minimize the possibility of incorrect co¬ 
ordination under some extreme condi¬ 
tions. The process of making selective re¬ 
lay settings amounts to stacking the time- 
curve characteristics one over the other. 
If various time curves were used from 
station to station there is always the 
danger of them crossing or coming too 
close for proper co-ordination at some 
point unless this is checked carefully at all 
points. Of course this danger exists when 
using the same time curve but to a lesser 
extent. On the other hand, with the same 
time characteristic the fastest protection 
cannot be realized for all lines and condi¬ 
tions. 

In general terms, the more inverse- 
type time curves tend to provide 
improved or faster relay times for 


ground protection. As a rough rule, on 
loop systems, it is necessary to have ap¬ 
proximately the same interval as the 
co-ordinating time interval between the 
relay operating time for faults at the near 
and far end of the line being protected. 
Hence, with 0.4-second interval between 
relays, each relay itself must operate ap¬ 
proximately 0.3 to 0.5 second faster for 
the near fault than for the far fault. The 
definite minimum time characteristic of 
Figure 1 is relatively flat, becoming more 
inverse at the higher lever settings. Thus, 
to obtain co-ordination around the loop, 
high time lever settings would be neces¬ 
sary with the resulting unsatisfactory re¬ 
lay times of 1 to 2 seconds or more. This 
illustrates why definite minimum time 
relays seldom are used for ground relay¬ 
ing. 

Induction-type relays with inverse, 
very inverse, and product-type time 
curves, as shown in Figure 1, are in com¬ 
mon use as ground relays. In many mul¬ 
tiple-grounded systems the very inverse 
and product-type curves which are very 
similar provide the fastest relay times 
with the product type generally proving 
more satisfactory. This relay was de¬ 
signed specifically for ground relaying and 
is enjoying wider use as time goes on. 

A time characteristic that is quite in¬ 
verse can be used because the variation of 
the ground fault current for maximum 
and minimum system conditions usually is 
less than the corresponding variation for 
phase faults. In addition, this variation 
is less for the remote fault than the near 
fault unless the lines are very short. 
These result because the zero sequence 
impedance does not vary with changes in 
generation (unless transformers or lines 
are switched) and is two to six times the 
positive sequence impedance for the 
transmission-line section. Thus for the 
close-in fault where the current is large 
and more variable with generation 
changes, the relay is operating on the 
flatter part of the inverse curve. On the 
other hand, for the remote faults the cur¬ 
rent is smaller and less variable because 


of the line impedance. For these faults 
the relay is working on the inverse part of 
its characteristic where variation is more 
critical. The net result is that the severe 
close-in faults can be cleared rapidly and 
with less time difference under all operat¬ 
ing conditions. More time variation is 
permissible for the less severe remote 
faults. 

Backup Protection 

The previous discussion has been based 
largely on providing minimum operating 
times for ground faults in the immediate 
line section. This is first line or primary 
protection unless pilot or different-type 
line relays are used. Back-up or secondary 
protection for the next adjacent section is 
desirable. In many cases this may be 
quite difficult without slowing up or com¬ 
promising the primary protection. It is 
then necessary to evaluate the backup 
against the loss in primary protection for 
the continuity of service required. 

Adjacent line backup protection is par¬ 
ticularly difficult on multiple-grounded 
loop systems. The problem can be illus¬ 
trated by reference to Figure 3. Relay 2 
at station B has as its primary protective 
zone the line from station B. to station A. 
As backup it should cover the lines to 
stations D and E. For faults on these 
lines, the ground source at station A (and 
in some cases the other lines from A 
radiating to other ground sources) raise 
the voltage at this bus so that less of the 
ground current flows to the fault through 
the relay at B. With very little current 
at 2 for faults near circuit breakers 8 and 
11, the relay at 2 must be set sensitively 
if it is to operate. Then for faults on the 
line near circuit breaker 1, the relay will 
be operating on the flatter part of the in- 
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verse curve and the time must be longer 
in order to co-ordinate with relays 9 and 
10. As a result advantage of the inverse 
curve is lost which would give fast relay 
time fpr faults near 2. 

On systems of this type none of the in¬ 
verse time relays will provide the fastest 
possible protection over both the im¬ 
mediate and the adjacent sections. Gen¬ 
erally the very inverse characteristic of 
Figure 1 will give the fastest operating 
time over the immediate or primary line 
with slower times over adjacent lines. On 
the other hand the inverse characteristic 
will provide improved backup time but 
slower times over the primary line. 

Sometimes, opening the remote circuit 
breaker on the adjacent line (such as 8 
or 11) will change the distribution of fault 
current. If the relay current increases, 
the backup coverage may be improved. 
However, the current can decrease and 
make backup protection even more dif¬ 
ficult. In doubtful cases this effect should 
be investigated. 

It should be recognized that many of 
the general statements here represent 
trends and experiences on specific sys¬ 
tems. There are always cases to be found 
where they may not completely apply. 

Constant or fixed time relays are used 
primarily for “last resort” backup relays 
in two general ways. One is to connect 
the relay in the neutral of the grounded 
transformer bank. If the ground current 
persists beyond the time allowed for the 
other relays to clear the fault, then the 
neutral relay operates to remove the 
transformer, or bus, from the rest of the 
system. An inverse time relay with a long 
setting also could be used in this man¬ 
ner. 

The other method operates a time relay 
whenever any of the trip circuits are 
energized. If the fault is not cleared in a 
definite time, all of the circuit breakers in 
the associated area are tripped. This pro¬ 
tects only against a “stuck” circuit 
breaker. 


Instantaneous Relaying 


Instantaneous-type relays unless con¬ 
trolled by carrier, pilot wire, and so forth, 
can be used only to supplement inverse 
time relays. One exception to this is 
where the remote terminal of the line ter¬ 
minates in a star-delta transformer bank. 
An instantaneous ground relay can be set 
very sensitively and will operate for all 
ground faults on the line and into the bank. 
Ground faults on the far side of the bank 
cannot cause operation since zero se¬ 
quence does not pass through the trans¬ 
former bank. In other words, this cir¬ 


cuit inherently provides selectivity so that 
co-ordination with the remote circuit 
breaker by time is not necessary. 

Many transmission lines of moderate or 
long length provide inherent directional 
overcurrent discrimination as the result of 
the variation in fault current magnitude 
for the near and remote faults. Where 
this occurs, the addition of instantaneous 
overcurrent elements to the inverse time 
relays will give relay operating times in 
the order of 1 cycle for a good portion of 
the line with a minimum of additional 
cost. 

The nondirectional type of instantane¬ 
ous relay is incorporated most often in the 
same case with the inverse relay. These 
are known as instantaneous trip attach¬ 
ments. Where a directional charac¬ 
teristic is required, two separate elements 
are used, one for sensitive directional in¬ 
dication and the other to operate at high 
speed when the current exceeds a set 
value. 

The principles of applying and setting 
supplementary instantaneous relays are 
illustrated in Figure 4 for circuit breaker 
number 1 at station A. The relay should 
operate for the close-in fault 1 and for 
faults as far as possible toward bus B but 
not operate on fault 2 or for fault 3. Thus 
the magnitude of these currents flowing 
through the relay as shown in the figure 
must be known. Fault values 2 and 3 
should be the maximum obtainable under 
any operating condition while the value 
for 1 can be either maximum or mini¬ 
mum. Both values for fault 1 show the 
approximate coverage or the relay under 
the two operating conditions. 

To use instantaneous relays for circuit 
breaker 1, the magnitudes for fault 1 must 
be appreciably larger than for either fault 
2 or 3. As a general rule, the relay pickup 
is set about 25 per cent above the maxi¬ 
mum current for fault 2 or 3. Where the 
relay current for fault 3 is in the order of, 
or less than, that for fault 2, a nondirec¬ 
tional relay can be used. However, if the 
relay current for fault 3 is large, a direc¬ 
tional instantaneous relay is required and 
is set only considering faults 1 and 2. Of 
course, if the relay current for fault 2 is 
large compared to those for 1 then instan¬ 
taneous relays are not applicable or the 
setting is so restricted as to be of little 
value. 

The application of supplementary in¬ 
stantaneous relays also may permit re¬ 
setting the inverse time relays so that the 
backup coverage is extended. This is 
done by setting them more sensitively 
so that the close-in faults covered by the 
instantaneous relay are beyond the rec¬ 
ommended operating of the inverse re- 



Figure 4. Fault values required for applying 
instantaneous ground relays on a transmission 

line 


lay. This procedure should be used with 
caution lest the removal of the instan¬ 
taneous relay for maintenance or test 
find the inverse relay unable to ade¬ 
quately protect the system as required 
and without damage. 

Directional Reactance Relaying 

Relays responsive to the reactance or 
distance from the relay location to the 
fault provide instantaneous protection for 
the majority of the transmission line rela¬ 
tively independent of the variation in 
generating capacity or to line switching. 
Unfortunately there are inherent difficul¬ 
ties in the measurement of impedance or 
reactance during ground faults. As a re¬ 
sult distance ground relaying is not in 
wide use. Recent advancements in the 
art have provided a ground reactance re¬ 
lay more universally applicable and many 
of these are being installed throughout the 
country. By the nature of the problem, 
they are more complex than the widely 
used phase distance relays. However, it 
seems quite probable that the trend in the 
future will be to use more distance meas¬ 
uring relays for ground protection, per¬ 
haps with inverse time, if not distance- 
type relays for phase protection on lines 
that do not justify pilot-type protection. 

For ground faults, it would seem logical 
to compare the line-to-ground voltage to 
the line current to indicate the distance to 
the fault. However, this ratio does not 
provide a constant proportional to the 
transmission-line impedance (or react¬ 
ance) from the relay to the fault because 
the zero sequence impedance of the line 
does not equal the positive or negative 
sequence impedance. As a result the ratio 
of the line to ground voltage to line cur¬ 
rent varies considerably when system 
changes external to the line section in 
question cause a variation in the propor¬ 
tions of positive, negative, and zero se¬ 
quence current flowing through the relay. 

In other words, any change in the composi¬ 
tion of the relay operating current causes 
an error in the distance measurement 
since the sequence component composi¬ 
tion of the line voltage drop does not vary 
in the same manner. 

Another difficulty arises from the 
necessity of using reactance for ground 
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fault measurement. Reactance is re¬ 
quired because of values of arc resistance 
and ground contact resistance can be very 
bigh for ground faults. Actual resistance 
components do not affect a reactance ele¬ 
ment, but the current fed to the fault from 
the remote terminal will produce an ap¬ 
parent reactance component when it is 
out-of-phase with the relay current. This 
either adds or subtracts to the reactance 
from the relay to the fault and causes the 
reactance element to either underreach or 
overreach. With an instantaneous react¬ 
ance element set to protect a line section, 
it should not be permitted to overreach 
the remote bus and trip for faults on the 
bus or lines from the bus. Thus instan¬ 
taneous reactance elements are generally 
set for only 65 to 75 per cent of the line 
section compared to 85 to 90 per cent for 
impedance phase relays. Another factor 
in the shorter setting is the unknown ac¬ 
curacy and variations in the zero sequence 
reactance which includes the reactance of 
the earth return. 

There are two methods of eliminating 
the errors in ground distance measure¬ 
ment caused by the zero sequence im¬ 
pedance not being equal to the positive 
sequence impedance. These were out¬ 
lined in detail by Lewis and Tippett 3 in 
1931. One is to add residual current to 
the line current on the operating side of 
the element to balance out the excess 
voltage drop caused by the zero sequence 
current. This is known as current com¬ 
pensation. The other method subtracts 
the positive and negative sequence volt¬ 
age drops from the line-to-neutral volt¬ 
age, leaving only the zero sequence volt¬ 
age drop to be balanced against the zero 
sequence current from the relay to the 
fault. This is voltage compensation. 

A ground reactance relay using the 
first or current compensation method has 
been available for around 20 years, but 
never used extensively except in a few 
systems. 4 Three ground relays, each re¬ 
ceiving one of the phase currents, are 
necessary. Because load current flows 
through the relay it is necessary' to super¬ 
vise the reactance relay with an imped¬ 
ance-type element whose setting in turn 
depends on maximum load carried over 
the line. As a result the application of 
current compensated ground relays is 
limited usually to low ground contact re¬ 
sistance and low earth reactance lines, 
such as are available on a steel tower line + 
with solidly bonded hardware, and with 
one or more ground wires. 

The development of sequence filters 
and their use in selecting the faulted phase 
has made practical the use of voltage 
compensation ground relays. 5 For line- 


to-ground faults the faulted phase is 
selected and its line-to-neutral voltage 
minus the line positive and negative se¬ 
quence voltage drops is applied to re¬ 
actance measurement elements. Inas¬ 
much as the operating or reactance ele¬ 
ments receive only zero sequence quanti¬ 
ties, this relay is independent of load cur¬ 
rent as a ground relay should be, and is 
de-energized except during ground faults. 
This important feature makes it possible 
to design the relay to operate very sensi¬ 
tively and on a low amount of energy, 
hence its more universal application to 
transmission lines. 

None of these relays operate on two 
line-to-ground faults. These are left to 
the phase relays which have no difficulty 
as the fault is partially a phase fault. 
With high-speed ground relaying for most 
of the line section, it is probable that the 
number of two line-to-ground faults will 
be less. This will be true if most faults 
start as one line to ground and spread to 
two or more phases if not cleared rapidly. 

All of the ground reactance relays pro¬ 
vide three zones of protection as has been 
common in the phase distance relays. 
The first zone is set within the line section 
and operates instantaneously". The other 
two zones are set into the adjacent line 
sections for protecting the remaining part 
of the line not covered by the first zone 
and for backup coverage of the adjacent 
lines. 

Pilot Differential Relaying 

Pilot differential relaying refers to the 
various systems where the conditions at 
one terminal are compared with similar 
conditions at the other terminals to de¬ 
termine whether the fault is within the 
transmission-line section or external. The 
most important advantage is that all line 
terminals can be relayed simultaneously 
and instantaneously for all faults, both 
phase and particularly ground. This 
isolates the fault quickly and before it can 
spread appreciably. Also it permits im¬ 
mediate restoration of the line by auto¬ 
matic reclosing on the basis that most line 
faults are flashovers that can be cleared 
by de-energizing the line for a few cycles. 
As a result this type of relaying is becom¬ 
ing the standard method of protection of 
important transmission lines. 

For the comparison, some form of com¬ 
municating channel between the remotely 
separated line terminals is necessary. 
This can be pilot wires (usually two or one 
pair), carrier frequency superimposed on 
the transmission line, or microwave 
beamed between the terminals. Audio 
tones modulated on carrier and audio or 


high-frequency" tones on microwave also 
have been used for relaying. 

There are two different relay schemes 
in common use. One is the power-direc¬ 
tional comparison scheme generally used 
with power-line carrier although it has 
been used over pilot wires, audio tones on 
carrier, and microwave. The other is the 
phase-comparison scheme, originally de¬ 
veloped for pilot wires, and later modi¬ 
fied for use over carrier or microwave 
channels. 

Directional instantaneous relays are 
used for ground protection in the direc¬ 
tional-comparison scheme except where 
the line or tap terminates in a delta wind¬ 
ing of a power transformer. Then in¬ 
stantaneous voltage relays are applied. 
The instantaneous elements are set sen¬ 
sitively so that they operate for faults be¬ 
yond the remote bus. For these external 
faults a blocking signal from the remote 
terminal prevents tripping. For internal 
faults the directional element at all ter¬ 
minals closes and tripping takes place 
through these contacts and the sensitive 
instantaneous contacts in the absence of a 
blocking signal. This scheme is appli¬ 
cable to any number of terminals. 

The phase-comparison scheme com¬ 
pares the phase position of the currents in 
the remote terminals. This is accom¬ 
plished by using a single-phase output 
voltage proportional to the three line and 
neutral currents. Such a voltage is ob¬ 
tained from a composite sequence filter or 
mixing transformers. It is saturated to 
limit its magnitude variation for large 
changes in the fault currents. 

In the pilot-wire systems, the voltages 
at the terminals are compared differen¬ 
tially over two low-voltage pilot wires, 
such as a telephone pair. This provides 
protection for all internal faults with the 
order of 1-cycle relay operating time. 
Generally pilot-wire relaying is applied to 
protect short lines and cables where the 
average length is 3 to 5 miles, although 
pilot wires from 15 to 30 miles are in serv¬ 
ice. Where one terminal is ungrounded, 
the pilot-wire scheme can trip this end 
from the current fed to the fault through 
the grounded terminal or terminals. This 
does not require potential transformers 
and is of considerable advantage in 
special cases. The 2-wire phase-com¬ 
parison pilot-wire schemes are applied 
onlv on two and three terminal lines. 

For carrier or microwave, similarly de¬ 
rived voltages are used to transmit alter¬ 
nate half-cycle blocks of carrier from each 
terminal. The phase position of these 
blocks are compared every other half¬ 
cycle with the phase position of the local 
signal to determine whether the fault is in- 
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ternal or external. This system is limited 
usually to two terminal lines although it 
can be used for three terminals. 

The application and limitations of the 
two carrier-type relaying systems have 
been outlined in detail in reference 7. 
Many of the limitations apply particu¬ 
larly to phase protection rather than 
ground so that the system used will be de¬ 
termined largely by the phase relay re¬ 
quirements. 

With microwave channels being used 
for relaying, a new held of applications 
for various combinations of directional 
instantaneous overcurrent or reactance re¬ 
lays is opened. These are known as 
transfer trip systems. They differ from 
carrier in that a tripping signal rather 
then a blocking signal is transmitted over 
the communicating channel. Such sys¬ 
tems have not been applicable with power¬ 
line carrier because an internal fault 
might short-circuit the signal at a time 
when it is required for tripping a remote 


circuit breaker. Several possible schemes 
are already in use. 8 

Where the majority of faults on a trans¬ 
mission line are line to ground, opening 
only the faulted phase or phases would 
clear the fault and leave the other phases 
to carry synchronizing power. Thus the 
stability limit is increased and the shock 
on the system reduced. These advan¬ 
tages lead to the development of single¬ 
pole or selective-pole carrier relaying sys¬ 
tems using either directional- or phase- 
comparison type relays. The single-pole 
scheme operates to open and reclose onfy 
the faulted phase on a line-to-ground 
fault. On all other faults all three phases 
are opened. With selective-pole relay¬ 
ing, one phase is opened and reclosed on 
line-to-ground and line-to-line faults, two 
phases on two line-to-ground faults, and 
all three phases for 3-phase faults. A 
number of installations of these types 
have been in successful operation for more 
than 10 years. 


References 


1. Report of Joint AIEE-EEI Subject Com¬ 
mittee on Line Outages, AIEE Committee Re¬ 
port. AIEE Transactions, volume 71, part III, 
1952 ( Proceedings T2-6). 

2. The How and Why of Ground Fault Pro¬ 
tection, J. L. Blackburn. Electric Light and 
Power (Chicago, Ill.), volume 23, November 1945, 
pages 58-63. 

3. Fundamental Basis for Distance Relaying 
on 3-Phase Systems, W. A. Lewis, L. S. Tippett. 
AIEE Transactions, volume 66, 1947, pages 694- 
709. 

4. Operating Experience with Distance 
Ground Relays, W. A. Wolfe. Electrical Engi¬ 
neering {AIEE Transactions) , volume 65, July 
1946, pages 458-62, 1185-87. 

5. A New Distance Ground Relay, S. L. Golds- 
borough. AIEE Transactions , volume 67, part II, 
1948, pages 1442-47. 

6. Combined Phase and Ground Distance 
Relaying, Warren C. New. AIEE Transactions, 
volume 69, part I, 1950, pages 37-44. 

7. Considerations in Selecting a Carrier 
Relaying System, R. C. Cheek, J. L. Blackburn. 
AIEE Transactio?is, volume 71, part III, 1952 
{Proceedings T2~2 ). 

8. Protective Relaying Over Microwave 
Channels, H. W. Lensner. AIEE Transactions, 
volume 71, part III, 1952 {Proceedings T2-51 ). 


Discussion 

M. A. Bostwick (Portland General Electric 
Company, Portland, Oreg.): Mr. Black¬ 
burn’s review of ground fault protection is of 
considerable value as it directs attention to 
most of the problems that are encountered 
when selecting ground relays. While most 
of these considerations have been discussed 
previously, it is of value to have this com¬ 
plete review in one publication. 

He also points out one consideration that 
had not been previously brought to our at¬ 
tention, namely, the fact that the delta 
winding of an autotransformer is not an in¬ 
fallible source of polarizing current. 

It occurs to me that the value of high¬ 
speed relay protection, with relatively sensi¬ 
tive ground relays, can be emphasized fur¬ 
ther by consideration of the cost of repairing 
lines after burn-downs. While the cost of 
service and inconvenience are probably 
major considerations, it is also of interest to 
note that the minimum cost for repairs will 
be in the order of $250. The probable cost 
of a burn-down is many times this amount. 
Consequently, the installation of ground re¬ 
lays will provide a most economical and de¬ 
sirable addition to the line protection. 

R. W. Dearing (The Detroit Edison Com¬ 
pany, Detroit, Mich.): Mr. Blackburn is to 
be congratulated for his comprehensive 
treatment of this subject and it is felt that 
his paper will be a useful guide and reference 
to the practicing relay application engineer. 

It is realized that Mr. Blackburn was pre¬ 
cluded from being very specific in many 
points of his discussion, due to time and 
space limitations, but it seems appropriate 
to point out that there are a few points of 
sufficient general interest to warrant fur¬ 
ther clarification or amplification. 

One of these points appears in the first 
section of the paper, with respect to the co¬ 
ordination of phase and ground relays. 


There is an implication here, which we are 
sure that the author did not intend, that 
there is little need for co-ordination between 
phase relays and ground relays. In practice 
however, this is not invariably the case. 
There are numerous examples of short-cir¬ 
cuit locations on transmission systems 
where the relative multiples of pickup in¬ 
herent in the operating quantities furnished 
to phase overcurrent relays at one location 
and ground relays at another location must 
be observed carefully and evaluated in de¬ 
termining the proper relay settings to main¬ 
tain adequate selectivity. This is especially 
true, of course, during the development 
stage of a ground relaying system on a trans¬ 
mission network where some of the relaying 
terminals have not yet been equipped with 
ground relays. Moreover, even on a “com¬ 
pleted” system, the need for careful co¬ 
ordination may continue to exist where some 
lines may be protected with relatively sen¬ 
sitive directional overcurrent phase relays. 

In the discussion of polarizing methods for 
directional ground relays, the author calls 
attention to the fact that at certain relaying 
terminals the residual voltages available for 
directional element polarization may be 
quite low for remote terminal ground faults. 
Frequently, in fact, this residual polarizing 
voltage may be too low to assure positive 
closing of the relay directional element at a 
value of fault current corresponding to the 
overcurrent element pickup. Several in¬ 
stances of this nature have existed on the 
system with which the writer is associated, 
where conversion to current polarization is 
not economically or structurally desirable. 
This difficulty has been surmounted success¬ 
fully by changing the mechanical spring 
bias on the ground relay directional element 
so that the directional contact is normally 
closed, and adjusting the relay to open its 
directional contacts with a voltage applied 
which is equal to, or preferably less than, the 
minimum residual voltage obtained at the 


relaying point for such ground fault locations 
in the reverse direction as will draw pickup 
current through the tripping element of the 
relay. 

On the same system, there are instances of 
twin circuit line pairs which inductively 
couple branches of isolated zero sequence 
networks. Fortunately, it has been possible 
up to the present time to continue with the 
application of zero sequence directional re¬ 
lays without recourse to the more compli¬ 
cated negative sequence elements and filters 
by setting the tripping element pickups well 
over the computed values of induced cir¬ 
culating residual currents so the expected re¬ 
versal in indication of directional elements 
cannot cause false tripping. This has been 
done admittedly at the cost of some reduc¬ 
tion in sensitivity to ground faults but still 
with what is considered an adequate margin 
of safety in system protection. 

Eric T. B. Gross (Illinois Institute of Tech¬ 
nology, Chicago, Ill.): This valuable paper 
is essentially a review of ground relaying in 
systems which are so grounded that ground 
faults are short circuits. The reader who 
looks for up-to-date information on sensitive 
ground relaying will find it in a recent AIEE 
Committee Report. 1 

As pointed out by the author, distance re¬ 
laying of ground faults has not yet found 
wide application in this country. The 
reason for this fact may be the need for two 
sets of relays, one for interphase faults and 
the other for ground faults which scheme 
necessarily involves high investment costs. 
It is interesting to note that simple and rela¬ 
tively cheap equipment using a minimum of 
three distance relays for both interphase and 
ground faults has been in use in Europe for 
nearly 30 years. The main improvement in 
distance ground relaying “current compen¬ 
sation” is due to Jean Fallou; 2 it was first 
used in 1929 in an early installation in 
France. 
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J. L. Blackburn: The discussors’ com¬ 
ments are appreciated and are valuable ad¬ 
ditions to the paper. Mr. Dearing has 


clarified an important point regarding co-or¬ 
dination between phase and ground relays. 

Mr. Hearing's special adjustment of the 
directional element is interesting, and it is 
regretted that more details were not in¬ 
cluded. Apparently, he is able to do this 
because of particular system conditions 
which provide a smaller residual voltage for 
faults in this trip direction than for faultsin 
the nontrip direction at the overcurrent ele¬ 
ment pickup current value. This may not 
always be the case, hence this arrange¬ 
ment must be used with caution. 


Effect of a Modern Amplidyne Voltage 
Regulator on Underexcited Operation 
of Large Turbi ne Generators 


W. G. HEFFRON 

ASSOCIATE MEMBER AIEE 

I T HAS long been known 1-3 that the use 
of a continuously acting regulator will 
permit stable operation of a synchronous 
generator in regions where such operation 
is not possible with either manual control 
or regulators with dead band. (This is 
often called operating in the dynamic re¬ 
gion.) It has long been recognized that, 
due to saturation effects, operation at lag¬ 
ging power factors is not a problem as far 
as steady-state stability is concerned. Be¬ 
cause of the growing necessity for, and 
desirability of, operation at leading power 
factors, a need has developed for a quan¬ 
titative evaluation of the improvement to 
be expected from a modern continuously 
acting regulator. This paper proposes to 
show the steady-state limits of steam tur¬ 
bine generators which may be achieved 
using a standard, commercially available, 
continuously acting regulating system 
(amplidyne buck-boost type), and com¬ 
pares these limits with those yielded by 
regulators having dead band (such as the 
indirect acting rheostatic type) to show 
the degree of improvement. 

As an adjunct to this problem, the use 
of a very low short-circuit-ratio generator 
has been considered as another means of 
evaluating the effect of the regulator. 
This comparison is significant because at 
present the size of high-speed turbine 
generators is increasing rapidly and the 
use of lower short-circuit ratio results in 
more kilovolt-ampere capacity from the 
same frame size with corresponding reduc¬ 
tion in first cost. 1 - 4 


R. A. PHILLIPS 

ASSOCIATE MEMBER AIEE 

Conclusions 

The following conclusions have been 
drawn: 

1. Use of a modern, continuously acting, 
buck-boost amplidyne regulator greatly in¬ 
creases the steady-state stability limit cf 
turbine generators in the underexcited re¬ 
gion, 

2. The present trend towards lowering the 
short-circuit ratio of large turbine gener¬ 
ators is entirely sound from a steady-state 
stability standpoint, providing a modern, 
continuously acting regulator is used. 

As a rule of thumb, use of such a reg¬ 
ulator with a generator having one-half 
the usual short-circuit ratio will give a 
stability limit comparable to that realized 
by present-day turbine generators using 
regulators having dead band. 

Discussion of Results 

The results of this study are shown in 
Figures 1 through 4. Figures 1 and 2 ap¬ 
ply to a large turbine generator of 
present-day design. Figures 3 and 4 
apply to a machine with one-half the 
short-circuit ratio. For such a machine 
x d and x Q would be doubled while the 
open-circuit field time constant, inertia, 
and damping would remain about the 
same. The new value of x d would be 
between one and two times that for the 
normal short-circuit-ratio machine. Re¬ 
sults are shown for both values of x d . 
The kilovolt-ampere base was selected as 


equal to the maximum guaranteed turbine 
rating. 

Figures 1 and 3 are a direct comparison 
of the effect of short-circuit ratio using an 
external or system reactance of 0.4 per 
unit which is higher than normally en¬ 
countered. Figure 3 shows that there 
would be no steady-state stability margin 
at this value of x e when operating at rated 
power, unity power factor, and low short- 
circuit ratio unless a modern amplidyne 
voltage regulator were used. An am¬ 
plidyne regulator, however, gives a good 
stability margin over the operating range 
of the generator. Comparison with Fig¬ 
ure 1 shows that, over the operating 
range, the steady-state stability limit with 
an amplidyne regulator is the same as the 
limit using regulators having dead band 
on turbines of normal short-circuit ratio. 

Figure 2 shows that for machines of 
normal short-circuit ratio use of a modern 
amplidyne regulator allows operation over 
the operating range of the generator with 
good stability margin on a system having 
the unusually high value of x e of 0.8 per 
unit. 

Figure 4 shows that the low short-cir¬ 
cuit-ratio machine when used with a 
modern amplidyne voltage regulator will 
have steady-state stability margin even 
with a system reactance of 0.6 per unit. 

In all cases the reactive-ampere lower- 
limit circuit can now be adjusted with 
greater confidence to permit the generator 
to operate at any predetermined range 
underexcited without exceeding the actual 
steady-state limit. 
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Figure 1 (above). Results of study applying to large turbine 

generator 

Curve A. Steady-state stability limit with noncontinuously 
acting regulator or close manual control 
Curve B. Steady-state limit with continuously acting buck- 

boost amplidyne regulator 

P and Q are real and reactive powers in per unit of maximum 

turbine rating 

x^ = 1.2 / x ? = 1.2, x^^O.18, x e = 0.4, Tezo /:=: 9 seconds, H = 

5.0, D = 3.0, e/o = 1-0 


Figure 3 (right). 
Results of study 
applying to ma¬ 
chine with one- 
half the short- 
circuit ratio 

Curve A. Steady- g 
state stability H 
limit with non- O 
continuously act- Lu 
ing regulator or 
close manual con- ^ 
trol 

Curves B. Steady- 
state limit with 
continuously act¬ 
ing buck-boost q 
amplidyne regu- ^ 
lator O 

P and Q are real ^ 
and reactive 

UJ 

powers in per o 
unit of maximum § 
turbine rating 
*d = 2.4, x ? = 

2.4, x/ = 0.18 
or 0.36, y e ~ 

0.4, Ttf(/= 9 

seconds, H = 

5.0, D = 3.0, 



values at this point. The result was a set 
of linear differential equations. Next, 
variables were eliminated until the only 
quantities left were the (change in) ter¬ 
minal voltage, the (change in) machine 



Figure 2. Results of study applying to large 
turbine generator 

Curve A. Steady-state stability limit with 
noncontinuously acting regulator or close 

manual control 

Curve B. Steady-state limit with continuously 
acting buck-boost amplidyne regulator 
P and Q are real and reactive powers in per 
unit of maximum turbine rating 
x^^l.2, x ? = 1.2, x<F —0.18, x e —0.8, 
Tdo 7 —9 seconds, H = 5.0, D = 3.0, e^ — 1.0 


System Studied 

The system studied is shown in Figure 
5. This circuit may he considered the 
simplification of a multigenerator system 
from the viewpoint of studying the sta¬ 
bility performance of only one machine in 
the system. Thus the external reactance 
and infinite bus represent the system as 
seen from the terminals of the machine 
studied. Means for calculation of x e are 
given in a paper by Adams and McClure. 4 

Method of Analysis and Assumptions 

The general equations, 5 see Appendix 
II, describing the performance of the sys¬ 
tem were first written. In writing these 
equations, it was assumed that voltages 
due to rate of change of d and q axis flux 
linkages and to change of speed are neg¬ 
ligible. In addition, the effect of amortis- 
seurs was not considered. In both cases 
the assumptions are justified because the 
quantities neglected have negligible ef¬ 
fect. 2 Finally, armature and tie-line re¬ 
sistances were neglected. Reasonable 
amounts have no effect. 

A particular operating point was then 
assigned and the equations rewritten to 
consider the effect of small changes in cur¬ 
rents, voltages, and so forth about their 


angle, the (change in) field flux linkages, 
the (change in) field voltage, and the 
(changes in) prime mover torque and ref¬ 
erence voltage. The block diagram of 
Figure 6 was then drawn to show sche¬ 
matically these equations. 

From this diagram, it may be seen that 
machine angle has a direct effect (K$Ad) 
on terminal voltage as does the magnitude 
of the field flux (KgA p fd ) • Also it is seen 
that the torque output of the machine 
depends upon the machine angle and field 
flux linkages. The presence of time lags 
is indicated in the block diagram, where¬ 
in it is seen that the machine angle af¬ 
fects the field flux, but only after a de¬ 
lay. Of course, the effects of inertia M 
and damping D appear in the solution for 
machine angle. The block diagram is thus 
an extremely useful tool in understanding 
the performance of the system. Further, 
consideration of the system in this man¬ 
ner allows the application of the methods 
of feedback control system analysis, a 
powerful tool developed expressly for de¬ 
termination of stability and transient per¬ 
formance. 

Practically all of the constants K in the 
block diagram depend upon the particular 
operating point assumed in setting up the 
equations. Thus, to cover the operating 
region of interest, it was necessary to cal- 
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Figure 4 (left). TURBINE 




Curve A. Steady-state stability 
limit with noncontinuously acting 
regulator or close manual control 
Curve B. Steady-state limit with 
continuously acting buck-boost 
amplidyne regulator 
P and Q are real and reactive 
powers in per unit of maximum 
turbine rating 

x,/ = 2.4, x ff = 2.4, x/ = 0.18 and 
0.36, x e =0 .6/ Tdo /=s 9 seconds, 
H = 5.0, D = 3.0, e ro = 1.0 


Figure 5. System studied 


power output decidedly decreases and the 
machine is unstable. 

Using the block diagram, the same re¬ 
sults may be achieved by disconnecting 
the regulator and holding A E fd to zero 
(no change in exciter voltage). Then the 
test is made to see if the power output in¬ 
creases as 8 increases. The critical point 
is, of course, the stability limit and is 
reached when Ki—K^K^Q (the time 
constant T d / does not affect the limit). 
Actually a simple equation, see Appendix 
III, results and the curves of Figure 8 may 
be drawn. These curves are presented in 
a nondimensional manner for purposes of 
generality and do not include the effects 
of saturation. 


culate them for a large number of points. 
However, the equations were put in such 
a form that the calculations became rela¬ 
tively simple; the use of a modern ana¬ 
logue computer further simplified the cal¬ 
culation of the stability limit so that the 
study became practical. 

Analysis with Manual Control of 
Exciter Voltage 


the power output will increase as the 
angle increases, tending to reduce the ac¬ 
celeration. This is called stable. At 
point 2, where E fd is 1.41 per unit, the 
power output decreases as the machine 
angle increases beyond this point and the 
acceleration is increased. Inasmuch as 
dP/db — 0 at exactly this point, this is 
called the stability limit. At point 3, the 


Of course, to account for saturation it 
is possible to compute the equivalent re¬ 
actance of a machine at a particular oper¬ 
ating point. 6 However, pertinent parts 
of references 4 and 6 may be summarized 
as follows. In the underexcited region 
1/short-circuit ratio. In the over¬ 
excited region, the equivalent x d may be 
0.6 of nominal x d at full load or 0.8 of 
nominal x d at light loads and thus the 


The performance of the system with the 
modern regulator cannot be properly 
evaluated without knowing the perform¬ 
ance given by use of manual control or by 
use of noncontinuously acting types of 
regulators. For small disturbances about 
an initial operating point, the dead band 
inherent in these other type regulators 
would prevent them from changing the 
exciter voltage. Tests have shown that 
even setting the high-speed contacts for 
very close operation does not appre¬ 
ciably increase the steady-state stability 
limit. 

If the terminal voltage is held constant, 
the machine power-angle curve is as 
shown in Figure 7 for the conditions given 
there. Each point on this curve requires 
a different amount of exciter voltage. If 
a test for stability is to be made, it is 
necessary to calculate the field voltage re¬ 
quired, say at points 1, 2, and 3, and then 
observe the change of power with angle 
assuming the field voltage constant at that 
particular value. At point 1, for ex¬ 
ample, the excitation is 1.1 per unit and it 
is seen that, if the machine accelerates, 



Figure 6. Block diagram of system with continuously acting regulator 
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steady-state stability limit here is well 
beyond the operating region. 

Analysis with a Modern Continuously 
Acting Regulator 

Inasmuch as the stability limit with a 
continuously acting buck-boost amplidyne 
regulator is greater than that achieved 
with regulators having dead band, it 
is of interest to describe how the reg¬ 
ulator acts to effect this improvement. 
The history and development of this reg¬ 
ulator are discussed by Hunter and 
Temoshok. 7 The regulator is shown in 
the block diagram of Figure 6. Briefly, 
the error between the actual terminal 
voltage and a reference is amplified by the 
comparison circuit and by an amplidyne 
which is connected in series with the ex¬ 
citer field. The rate of change of exciter 
armature voltage is fed back into the 
amplidyne through a transformer for 
stabilization. 

Referring to the block diagram, it is 
seen that the electrical torque is equal to 
ATiA<5-f- K 2 Ap fd . Both of these coefficients 
are positive for all points considered. 
Now assume that the machine angle in¬ 
creases. As it does the torque output in¬ 
creases (K x A<5) and the field flux (-KJ- 
1 +pTdz') A 8 decreases. 

In this region of operation, this de¬ 
crease in field flux is more than is neces¬ 
sary to offset the increase in electrical 
torque just mentioned, with the result that 
the net electrical torque decreases and 
the machine angle accelerates. But, as 
the angle increases, the terminal voltage 
reduces since K$ is negative for all cases. 

In response to this change, the regulator 
increases field voltage, causing an in¬ 
crease in field flux and a resultant increase 
in electrical torque sufficient to stop the 
acceleration and start the deceleration 
necessary to restore the machine angle to 
its proper value. 

Because of the time lags in the reg¬ 
ulator and exciter, the regulator may 
not be able to reduce the excitation to its 
original value in time to prevent the 
machine angle from overshooting its 
proper value as it decelerates. Thus, 
overshoot may occur and the machine 
angle may oscillate about its proper value 
before settling down to a steady state. As 
the operating condition becomes more 
severe and K x reduces faster than K 2 K 4 the 
regulator must '‘work harder” to restore 
the angle. As it does, the tendency to 
oscillate becomes more predominant. 
The steady-state limit with a continuously 
acting regulator is that point beyond 
which there is a sustained oscillation of in¬ 
creasing amplitude. 



* 


Figure 7. Power angle characteristics of system studied. With constant exciter voltage, point 

1 is stable, point 2 is the stability limit, and point 3 is unstable 



Figure 8. Generalized steady-state stability limit curves for noncontinuously acting regulator 

or manual control. Saturation is not considered 


In obtaining the results of this study, combination of real and reactive power, 

the equations represented by the block A step input of reference voltage was in¬ 
diagram were set up on an analogue com- troduced and the time responses of 

puter. The coefficients of the equations A Ef di Apf d , Ae t , and A<5 were recorded, 

were set on the computer for a particular If the resulting oscillation in the various 
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quantities damped out, the condition was 
stable and an initial operating point at 
slightly higher kilovolt-amperes was tried. 
When a stable point and an unstable 
point separated by not more than 0.05 per 
unit kilovolt-ampere were found, a point 
on the stability limit locus was plotted be¬ 
tween them. Thus, it follows that the ac¬ 
curacy is within 0.05 per unit kilovolt¬ 
ampere. A number of check points were 
calculated using Nyquist’s theorem of 
stability 8 and no measurable difference 
from computer results was found. 


Appendix I. Nomenclature 

e a — direct-axis voltage 
e q = quadrature-axis voltage 
et — terminal voltage 
Efd — field voltage 
e 2 = voltage of infinite bus 
pd — direct-axis flux linkages 
pq — quadrature-axis flux linkages 
pfd — field flux linkages 
x d — direct-axis synchronous reactance 
x Q quadrature-axis synchronous reactance 
x d f = direct-axis transient reactance 
x e — equivalent system reactance 
id — direct-axis current 
i q = quadrature-axis current 
Ifd — field current in per unit of current re¬ 
quired to produce rated voltage at no 
load, synchronous speed 
Tao' = open-circuit generator field time con¬ 
stant 

<5 — angle between quadrature axis and the 
infinite bus voltage 

6 = angular position of direct axis with re¬ 
spect to stator 

M— 4 t/H where H is per-unit inertia con¬ 
stant 

D = prime mover damping in per unit 
Tm — prime mover torque 
T e — electrical torque 
£ = time derivative operator d/dt 
P — real power 
<3 — reactive power 
ip — real component of current 
i Q = reactive component of current 
The subscript zero denotes an initial oper¬ 
ating condition. 

A quantities denote small excursions about 
an initial operating point. 

Time is measured in radians. 


Appendix II 


The equations describing the system of 
Figure 5, for a machine with no amortisseurs 
and with negligible resistances, are 


ea — ppd — pqp^ (!) 

eq — ppq^-pdp^ (2) 

ed — pXeU—XehpQ+e 2 sin 5 (3) 

e q = px e i q -pXeidpQ+e* cos 5 (4) 

Pd — Pfd ~~ Xdid (5) 

pq — OCqiq (6) 

Mp 2 6= T m — pd'iqPPs'id-'D(pd— 1) (7) 


pf d =Ifd — (.Xd—Xd)ld (®) 

Efd = Ifd + T mppfd (^) 

e t * = ea*+e q * (10) 

Writing pd — PdoPApa, and so forth, and 
noting that 

e 2 — e 2 o (11) 

p$— 14-£( A0) = 1 -{-/>( A5) (12) 

sin A8 — A8 (I 3 ) 

cos A5 = 1 (I 4 ) 


the equations reduce to those given below. 

Aed = [pApd] “ Apq — [PqOpAd] (I 3 ) 

Ae q -[pApq]-{-ApdP[PdapA5] ( 1 ^) 

Ae d ~ [x e pAid)—x e Aiq J r{e 2 Q cos 5o)A5 — 

[iq Q x e pA8] (17) 

Ae q = [x e p A iq ] +x e Aid — (£20 sin 5 0 ) A5 4- 

[idoXepAd] (18) 


Apd — Alfd ~ XdAid 
Al/'g— XqAlq 


(19) 

( 20 ) 


( Mp^-{-Dp)A8 — ATm 

iqoApdPPqbAldPidbApq ( 21 ) 


Apfd — Alfd (Xd X d 'jA'lfi 

A E/d — Alfd + T do'P Apfd 


Cdo 


'q 0 


A et — — AedP Ae q 

&to e to 


( 22 ) 

(23) 

(24) 


The eight terms in brackets are neglected. 
Next, all variables except A et, AS, Apfd, 
AT m , and A Efd are eliminated leaving three 
equations in three unknowns, inasmuch as 
A T m and A Efd are independent variables. 
The following additional relationships are 
used in obtaining the result 


Sdo~\~X e 'iqQ — £20 sill So 
^qO J ^ x a^do = Eqo 
Cqo Xg'ldo = ^20 COS So 

rp , Xd'+Xe , 

j- dz ~ , 1 do 

Xd~rX e 

The final equations are 

x _ e 2 o sin S 0 
(Mp 2 +Dp)A8 = AT m 


(25) 

(26) 

(27) 

(28) 


x d -\~x e 

Eq Q e 2 o cos So^ 6do e zo sin So 
Xe 4 ‘Xq 


A Pfd~ 
X 


Xd' ~\~Xe 

(‘-r)] 


AS (29) 


Apfd — 


x d +x e 


1 


Xd~\-x e 1 PpTdz 
Xd Xd 


A et 


Xd~\~X e 
&qo Xe 


e 2 o sin So 


- A Efd 
1 


1 -ppTdz' 


AS 


(30) 


eto Xd'-\~x e 
edo 


A pfd + 


X a 


e 2 o cos So 

eto Xe’T’Xq eto 


^x 


e 2 o sin So 


Xd 


Xd' -\-X e ,J 


AS (31) 


•Q x d 



gram 


Appendix III. Stability Limit 
with Constant Exciter Voltage 


Referring to Figure 9, the following rela¬ 
tionships may be derived 


Efde 2 

P—— 1 -sin S 

Xd~\~Xe & 

Efd 2 x e 

Q =7Z+^~ Efde2C ' s 

\Xd\Xe) 


(32) 


Xe Xd 


0- 


.{XdPXeY, 
e^Xd 

(x e +x d ) 2 


P = e t ip 
Q-eriq 

Efd 2 = (et 4- i QXd ) 2 4- ( ipXd ) 2 
e 2 2 = {e t — iqx e ) 2 4- ( ipx e ) 2 


dP _ E fd e 2 

dS Xd I Xe 


cos 8 — 


EfdfXe 


ePxd 


{Xd+XeXxd-Xe) 
Xd~\~Xe 


(33) 

(34) 

(35) 

(36) 

(37) 


\ 4"^ 

(xd+x e )(x d —x e ) Xd — Xe 
The stabilitv limit occurs at dP/d5 


(38) 


: n. 


Efd 2 x e e 2 2 x d 

® (x d -\-X e ) 2 ( Xd+Xe ) 2 

This is true when 


(39) 



This equation describes a circle and it 
follows that points inside the circle are 
stable whereas points outside the circle are 
unstable. 
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Discussion 

© 

C. Concordia (General Electric Company, 
Schenectady, N. Y.): This paper constitutes 
a valuable contribution to the literature of 
generator voltage regulators from at least 
two standpoints. 

First, it presents data on the improvement 
in the steady-state power limit resulting 
from use of an actual, available regulator, 
as distinguished from previous papers 1 
which merely showed that by proper regu¬ 
lator design it was possible to achieve this 
improvement. By presenting these data, 
the paper answers questions which were 
raised by the discussors of reference 3 of the 
present paper. 

It should be pointed out that the primary 
function of the regulator studied in the 
paper is to control voltage properly, not to 
improve system stability. Thus the im¬ 
provement in stability obtained is to be 
regarded as an additional and incidental 
benefit accruing from the use of modern 
voltage regulators. Moreover, it should be 
evident that if improvement in stability 
rather than voltage regulation had been the 
primary design objective, an even greater 
stable region would have resulted. 

Second, it presents data over the whole 
region of underexcited operation, the pre¬ 
vious papers having been confined princi¬ 
pally to the unity power-factor region. 

Finally, we should like to comment on 
item 2 of the section entitled “Conclusions” 
which states that the use of a modern volt¬ 
age regulator permits a reduction in short- 
circuit ratio. This should not be taken to 
imply that a modern continuously acting 
voltage regulator will always be necessary if 
any further reductions in short-circuit ratio 


are made. On the contrary, in most ap¬ 
plications it will be found that short-circuit 
ratio is not a limitation, provided that prac¬ 
tically any w r ell-designed voltage regulator is 
used. 

References 

1. See references 2 and 3 of the paper. 

V. V. Mason (Hydro-Electric Power Com¬ 
mission of Ontario, Toronto, Ontario, 
Canada): The authors do not describe the 
tests which they claim showed that the 
dead-band type of voltage regulator gives no 
increase in the stability limit over that ob¬ 
tainable on fixed excitation. Tests made by 
The Hydro-Electric Power Commission of 
Ontario on a large hydraulic generator con¬ 
nected to a system via a long transmission 
line (^ = 0.3) showed a very definite in¬ 
crease in the stability limit with a contactor- 
type, dead-band regulator over the limit for 
constant excitation. These tests were done 
at constant power by reducing the regulated 
voltage in steps until pull-out was incipient. 
As a result, the data so obtained are not 
directly comparable with those presented by 
the authors but extrapolation of the curves 
indicates the same order of benefit in terms 
of pull-out power as shown for an amplidyne 
regulator. 

It would seem that the most reasonable 
explanation for this difference between 
theory and practice is the fact that pull-out 
is actually a slow process owing to the time 
constants and damper windings necessarily 
neglected in the simplified theory. These 
give the regulator time to increase the ex¬ 
citation and prevent pull-out even though 
operating at a point where the constant-ex¬ 
citation torque-angle curve has a negative 


slope. This effect was visible in high-speed, 
suppressed-zero, graphic voltmeter charts 
taken during the tests. These charts showed 
a sawtooth voltage wave of small amplitude 
which increased in magnitude as the stabil¬ 
ity limit was approached. 


Alexander Dovjikov (Bonneville Power Ad¬ 
ministration, Chicago, Ill.): It is to be 
hoped that the authors will extend their an¬ 
alysis further into the “transient stability” 
region. After all, the “proof of the pud¬ 
ding” is the transient stability, although 
measures which improve steady state will 
act favorably during transient conditions 
also. 

The point that attracted my attention 
was the statement that machines supplied 
with amplidyne excitation may be designed 
with lower short-circuit ratio. Is that true 
for transient stability as well? Is it possible 
to decrease the short-circuit ratio of a syn¬ 
chronous machine without increasing its 
transient reactance, the low value of which 
is so important for transient stability of 
long-distance transmission? During the 
light-load conditions the operation of syn¬ 
chronous generators at leading power factor 
may be necessary but to what extent is it 
desirable (as assumed by the authors in the 
first paragraph of the paper)? With the 
modern, high-speed excitation systems and 
continuously acting automatic voltage reg¬ 
ulators, underexcited operation may be 
more feasible than before, but considering 
transient stability, the maintenance of 
which is particularly important when the 
system is fully loaded, the advisability of 
generator design with lower short-circuit 
ratio, even if such generators are less ex¬ 
pensive, is questioned. 


Impulse Testing of 

J. H. HAGENGUTH 

FELLOW AIEE 

T HE first full-sized power transformer 
was impulse-tested in 1930, 1 and in 
1933 2 commercial impulse testing was 
started in accordance with recommenda¬ 
tion formulated by the Transformer Sub¬ 
committee of the AIEE Electrical Ma¬ 
chinery Committee. Since then the auth¬ 
ors have been closely associated with the 
testing of over 1,100 power transformers 
following AIEE or American Standards 
Association (ASA) rules. Gradually the 
value of impulse testing has been ac¬ 
cepted until today a large percentage of all 


Power Transformers 

J. R. MEADOR 

MEMBER AIEE 

large high-voltage transformers receive 
the test. 

Originally the principal deterent to im¬ 
pulse testing was the fear that unde¬ 
tected damage would be inflicted on the 
transformer. 3 * 4 This has led to the de¬ 
velopment of highly refined methods of 
failure detection. 5 If these methods are 
used, there is little chance of an unde¬ 
tected impulse failure reducing the service 
life of a transformer. This problem hav¬ 
ing been solved, the next objective should 
be the introduction of a simpler test. 


With the trend toward reducing trans¬ 
former insulation levels, 6 it becomes more 
necessary to avoid inflicting undetected 
damage during an impulse test. Also, 
more attention must be given to switch¬ 
ing surge stresses. 

Service Record 

The substantial improvement in the im¬ 
pulse strength of transformers in the past 
2 decades, coupled with advances in 
lightning arresters and general protective 


Paper 52-194, recommended by the AIEE Trans¬ 
formers Committee and approved by the AIEE 
Technical Program Committee for presentation at 
the AIEE Summer General Meeting, Minneapolis, 
Minn., June 23-27, 1952. Manuscript submitted 
March 25, 1952; made available for printing 
May 7, 1952. 

J. H. Hagenguth and J. R. Meador are with the 
General Electric Company, Pittsfield, Mass. 
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Figure 1 (left). 
Comparison be¬ 
tween transformer 
impulse test with¬ 
stand levels for 
115-kv insulation 
class and protec¬ 
tion offered by a 
31-inch rod gap 

Figure 2 (right). 
Comparison be¬ 
tween transformer 
impulse test with¬ 
stand levels for 
11 5-kv insulation 
class and protec¬ 
tion offered by a 
24-inch rod gap 

Points on solid 
line—transformer 
impulse tests ac¬ 
cording to ASA 
and NEMA 



Area between dashed curves is the volt-time 
area of spark-over for a 24-inch rod gap 


Area between dashed curves is the volt-time 
area of spark-over for a 31-inch rod gap 

practices, has practically eliminated light¬ 
ning failures of power transformers in 
service. This has led to widespread ac¬ 
ceptance of the “reduced insulation” 
philosophy on grounded neutral systems 
and to a general review of the prescribed 
dielectric tests on transformers, both low 
frequency and impulse. 

In studying statistics on service failures 
of transformers built during the last 20 
years, several interesting facts are ap¬ 
parent: 

1. The failures occurring in service are 
not of the same type as the failures during 
impulse test. 

2. Lightning failures are very rare where 
reasonable protective measures are taken. 

3. There is a negligible difference in service 
life between those transformers which have 
received impulse test and those that have 
not. 

As a direct result of impulse testing, 
certain types of service failures no longer 
occur because the lessons learned from the 
impulse-tested units have been applied to 
all transformers. 

The comparison between service and 
impulse-test failures justifies the policy 
of limiting impulse testing to the number 
of transformers that can be tested care¬ 
fully, and with the best available failure 
detection techniques. 

Expansion of Impulse Testing 

Historical Background 

When impulse testing was being estab¬ 
lished, the type of test to be applied was 
based on the assumption that the bush¬ 


ing would act as a co-ordinating device. 
Consequently, the test called for a num¬ 
ber of impulse waves with amplitudes be¬ 
low bushing flashover followed by two im¬ 
pulse waves of sufficient magnitude to 
flashover the bushing. Later the bushing 
flashover was changed into the require¬ 
ment of sparking over a standard rod gap 
which could be duplicated most readily 
in all laboratories. Thus, the chopped- 
wave and full-wave tests were born. This 
test was refined in 1937 when the impulse 
crest to be applied was given in terms of 
voltage rather than gap spacing. How¬ 
ever, these voltages were largely based on 
the spark-over characteristics of the pre¬ 
viously standardized “test gaps.” 

Another development occurred when it 
was discovered that the co-ordinating air 
gaps did not protect transformers in the 
field. The gap spacings used on a 110-kv 
system were from 24 inches to 31 inches. 
Figures 1 and 2 show the volt-time spark- 
over areas for these gaps superimposed 
on the present-day ASA and National 
Electrical Manufacturers Association 
(NEMA) impulse withstand curves for 
transformers. Remembering that the 
transformers which failed were built in 
the 1920’s and early 1930’s without the 
present knowledge of impulse stresses in 
the windings, it is quite evident that it did 
not take steep front waves to damage the 
windings but that failure probably oc¬ 
curred from ordinary chopped and full 
waves permitted by these gaps. The 
literature 7 shows that this particular sys¬ 
tem then determined the gap spacing that 
could be tolerated from a line outage 
point of view and then considered such a 
gap as a protective device for the trans¬ 


former. To prove that the transformer 
could be protected by such a gap, a new 
test was introduced the front of wave test 
requiring spark-over of a rod gap with a 
specified spacing by a wave rising at the 
rate of 1,000 lev per microsecond. 

Types of Test 

There are essentially two systems of 
station equipment used in this country. 
The predominant one is the use of light¬ 
ning arresters in the station. The other 
one is the use of some kind of spark gap, 
usually a form of rod gap. This latter 
form of protection has a very wide range 
of spark-over and also results in extremely 
rapid changes of potential when the 
gap sparks. The lightning arrester pro¬ 
tection is of the valve type which does 
not permit such rapid changes of poten¬ 
tial at the apparatus terminal and pro¬ 
vides a more predictable protective level. 
The voltages applied to a transformer pro¬ 
tected by a lightning arrester are more 
nearly of the type of a full wave. How¬ 
ever, if the lightning arrester is placed 
some distance from a transformer, the 
circuit constants will permit voltages at 
the transformer terminals in excess of 
those at the arrester terminals. These are 
of short duration but do not represent 
waves equivalent to the present test re¬ 
quirements. 

For these reasons a completely realistic 
type of impulse test on transformers 
would, first of all, require a full wave 
which is the type of wave most frequently 
encountered in service. To take care of 
the possibility of a spark-over of station 
insulation within the station, a chopped 
wave at the same level as the full wave 
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would be applied. For the rare case of 
traveling waves of high amplitudes with 
steep fronts reaching the station, a test 
would be required with steep front and 
moderately steep tail. From circuit 
analysis the tail of the wave in a station 
would not be steeper than the front. The 
amplitude of such a test wave can be de¬ 
termined with reasonable accuracy from 
•% 

tests in the laboratory simulating service 
conditions. Tests to date indicate that it 
would be appreciably less than the pres¬ 
ent NEMA front of wave test. 

With these more realistic test require¬ 
ments it is believed that transformer de¬ 
signers eventually could effect some 
economies for the benefit of the industry, 
and for this reason further discussion of 
these tests is in order. 

Increasing Number of Transformers 

Tested 

A substantial increase in impulse test¬ 
ing now, or in the near future, can be ac¬ 
complished only by simplifying the test. 
Several alternative procedures have been 
studied. 

It becomes increasingly apparent that 
the full-wave test should be the basic 
transformer test. Experience has .shown 
this test to be a very effective means of 
proving manufacturing and design qual¬ 
ity. The application of a reduced (50 

per-cent) full wave, followed by two full 

«■* 

waves at basic impulse insulation level, 
consumes a minimum of time and permits 
full use of the neutral current method of 
failure detection. 

Trial use of this test on selected trans¬ 
formers has been started to determine its 
effectiveness; and studies are in prog¬ 
ress, in accordance with established qual¬ 
ity control principles, to determine the 
number of transformers that can be tested 
economically in this manner. 

Complete ASA and NEMA impulse 
tests will, of course, continue to be made 
when specified. 

Impulse Failure Detection 

What is a Failure? 

In the past there have been many defi¬ 
nitions of what constitutes a failure. 
These range from the indisputable service 
experience, where failure is discovered 
only when low-frequency follow current is 
established forcing the opening of a circuit 
breaker to disconnect the transformer 
from the line, to the highly refined im¬ 
pulse-testing methods of comparing oscil¬ 
lograms of line voltage and ground current 
obtained at the basic impulse insulation 
test level and at a much reduced voltage. 


It is an observed fact that some failures 
produced during an impulse test, par¬ 
ticularly those produced by chopped 
waves, will seal off rather quickly, some 
in a matter of minutes, others in the 
course of several hours, so that a full-wave 
test can be passed without any sign of 
failure. The chances that such failures 
will recur in service are small and the risk 
taken in installing such transformers, 
most of which are used in a well-pro¬ 
tected system, is also small. 

Therefore, it is rather difficult to agree 
on a practical definition for an impulse- 
test failure that will reduce service life, 
and this is probably the principal differ¬ 
ence of opinion among the various groups 
interested in failure detection. 

The authors have used the following as 
a basis for failure detection practice: 

1. A failure is defined as any breakdown 
of insulation—solid, oil, or air—between 
two metal electrodes in a transformer 
which short-circuits part or all of the wind¬ 
ing regardless of the extent of the short 
circuit. 

2. A short circuit which involves prin¬ 
cipally a puncture of solid insulation in a 
confined location is a failure which is most 
likely to result in follow current, if repro¬ 
duced in the field, because the gases pro¬ 
duced by the spark are confined and cannot 
readily escape. Also, carbonization of the 
solid insulation may result in greatly re¬ 
duced low-frequency strength. 

3. To test failures for this condition, a 
program was arranged to investigate the 
voltage level at which failures would seal 
off, compared to the basic impulse insula¬ 
tion full-wave level. If the seal-off or criti¬ 
cal level is low, it must be due to greatly 
reduced insulation strength and such cases 
are considered particularly serious. 

The definition and test procedure are a 
practical approach to the problem be¬ 
cause they take account of service life 


and because each failure has been found 
in dismantling the unit. 

How Are Failures Detected? 

Here again there is considerable dis¬ 
agreement which is greatly influenced by 
the definition of a failure. The authors 
recognized early that the oscillograph rec¬ 
ord constitutes the best over-all evalua¬ 
tion of the condition of the transformer 
after the test is completed. This tech¬ 
nique has been described previously 5 but 
briefly consists of obtaining oscillograph 
records in three ways: 

1. An impulse-voltage wave applied to the 
transformer is recorded at a level of about 
50 per cent of the full wave required by the 
BIL and later compared with the full-wave 
oscillogram. 

2. At both levels, oscillograms of the cur¬ 
rent in the grounded end of the impulsed 
winding are obtained and compared. 

3. Steep front and chopped waves, where 
applied, also are examined carefully for 
possible wave-shape changes which may 
indicate a failure. 

If the wave shape of the voltage waves 
and the current waves at both levels agree, 
the transformer has passed the test. If 
there are discrepancies in the wave shape 
and impulse circuit troubles have been 
eliminated as the cause, the transformer 
is considered to have failed. The trans¬ 
former is inspected for oil bubbles, smoke, 
or carbonized oil, and the noise produced 
in the tank is observed. The impulse 
voltage is lowered and the critical failure 
level is established as the voltage at which 
the failure no longer occurs. In those 
cases where oscillographic changes and 
bubbles, smoke, or carbonization are ob¬ 
served, or an unusual noise exists in the 
transformer, the decision of declaring a 



Figure 3. Voltage and current oscillograms indicate failure. Oscillograms at top show voltage 

waves. Oscillograms on bottom show current waves 
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Figure 4. Current oscillograms indicate failure. Oscillograms at top show voltage waves. 

Oscillograms at bottom show current waves 



Figure 5. Current oscillograms indicate failure. Oscillograms at top show voltage waves. 

Oscillograms on bottom show current waves 


failure in a unit is very simple. There is 
no question about it. 

In many cases the voltage wave is 
sufficiently distorted to preclude any 
doubt as to difficulties in the transformer. 
These are called obvious cases and are 
illustrated in Figure 3. (In the oscillo¬ 
grams presented, unless otherwise stated, 
the ascribed symbols indicate: jPFP 7 '—full- 
wave voltage; FWC —neutral current 
measured during application of full-wave 
voltage. The prefix R as in RFW means 
the same quantities at reduced full-wave 
voltage, in practice about 50 per cent. 
The arrows are not intended to show 
wave-shape changes.) In many other 
cases only the most rigorous comparison 
and the trained eye of an experienced 
operator can detect differences in voltage 
wave shapes such as Figures 4 and 5. (In 


Figure 4 the left oscillograms show a con¬ 
dition where recovery was extremely 
slow. At the 50-per-cent level the failure 
persisted but cleared at the 20-per-cent 
level.) It is in these instances that the 
current waves are very helpful, because 
they magnify the fault indication several 
times and, therefore, leave little doubt as 
to the condition of the transformer, as 
also shown in Figures 3, 4, and 5. 

Failure Severity 

As stated previously, after failures are 
detected, the applied impulse-voltage 
crest is reduced in steps until failure does 
not occur. This level is called the critical- 
failure level. This critical level is plotted 
in Figure 6 in per cent of the ASA full 
wave as a function of the per-cent cases 
investigated. The upper curve applies to 


those cases where voltage and current 
waves showed a failure condition; the 
lower curve is for the cases where the 
failure was discovered principally by the 
current wave. 

It is perfectly obvious that the cases 
picked out by the voltage and current 
waves have a high recuperative power, 
only 30 per cent of the cases having a 
critical breakdown less than SO per cent as 
compared to 91 per cent of the cases dis¬ 
covered principally by the current waves. 
It is clear that the use of the current wave 
has resulted in discovering the types of 
faults which have the slowest recupera¬ 
tive power and are most likely to result in 
service failures. 

Relative Value of Failure 
Indicators 

Statistics on the effectiveness of the 
various failure indicators are shown in 
Table I. 

Based on long experience with intensi¬ 
fied observation of voltage oscillograms 
for possible failure indication, having had 
available the magnified failure indication 
of the current wave, the personnel con¬ 
ducting the commercial tests would dis¬ 
cover practically all faulty units by the 
voltage method. v Since this experience is 
not available in many impulse test groups, 
the types of voltage waves shown in 
Figures 4 and 5 are not considered as 
showing a fault. The statistics in Table I 
are not complete because in very obvious 
failure cases the oil was not observed 
and the transformer was not checked for 
noise. 

The current wave is by far the most 
searching indicator closely seconded by 
the voltage wave. Noise appears to be a 
potent tool. In our tests the noise ob¬ 
servation consisted of listening by ear 
through an insulating rod held against the 
tank. On one occasion a microphone 
pickup was used and gave a good indica¬ 
tion of change in noise. This needs fur¬ 
ther investigation. Bubbles, smoke, or 
carbonized oil are most unreliable. Par¬ 
ticularly in all cases where the current 
wave was the predominant indicator, bub- 


Tablc I. Relative Value of Failure Indicators 


Indicators 


Per Cent 
of Cases 
Indicated 


Current waves (cathode-ray oscillograph).. . 100 
Voltage waves (cathode-ray oscillograph)... 79 
Bubbles, smoke, or carbonized oil. 37 


Noise. 58 

No bubbles. 50 

No noise. 29 


Neither bubbles nor noise. 

Not investigated for bubbles or noise 
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Table II. Winding Failure Detection 



Per Cent 


1945-1948 

1948-1951 

ft 

All winding failures. . . 
Detected by current wave 

... 100 ... 

. . . 100 

. only. 

Detected by voltage and 

... 42,3 

28.5 

current wave. 

.• . 57.7... 

. .. 71.5 


bles were not found. However, in one- 
third of these cases there was a distin¬ 
guishable difference in noise. 

Location of Failures 

This is an important point, because fre¬ 
quently it is much more difficult to ac¬ 
tually locate the point of failure than to 
detect the occurrence of a failure. Fail¬ 
ures that occur outside of the winding 
structure proper are located easily and re¬ 
paired easily. Failures within the wind¬ 
ings are more difficult to locate and at 
times require complete unwinding and 
minute examination of the conductor. In 
such cases much time may be lost. Partly 
because of greatly increased develop¬ 
mental work and improved manufactur¬ 
ing conditions, and partly because of the 
use of the neutral current waves, certain 
flaws in design or manufacturing in wind¬ 
ings have been avoided. This is shown in 
Table II, for two 3-year periods, which 
gives the types of failures and the per¬ 
centage distribution. The failures most 
difficult to locate and most costly, and 
causing the greatest delay, were drasti¬ 
cally reduced. 

The same is true for winding failures as 
a whole which have decreased as com¬ 
pared to the total number of failures. In 
this connection it is probable that about 
20 per cent of the transformers considered 
as failed because of detection principally 
by the neutral current-wave comparison 
would have been pronounced as having 
passed the test, and shipped, if extreme 
care in failure detection had not been 
used. 


Table III. Classification of Failures (1933- 

1951) 


Approximate 
Per Cent 

Failure of Total 


Winding to ground. 5 

Involving less than 5 per cent of 

winding. 20 

Involving more than 5 per cent of 

winding. 25 

Between leads, taps, and auxiliary 

components.. 40 

Miscellaneous.... 10 

Total.100 



PERCENT OF CASES HAVING A CRITICAL FAILURE 
VOLTAGE LESS THAN SHOWN ON ORDINATE 


From this strict adherence to the use 
of the most sensitive methods of failure 
detection, the proper lessons have been 
learned and applied to all transformers. 
As a consequence not only the winding 
failures but all failures have been re¬ 
duced. At the present time the failure 
rate is approximately 6 per cent. It is 
doubtful that this percentage can be re¬ 
duced greatly, unless design and manu¬ 
facturing practices are absolutely frozen. 
This, of course, is undesirable because it 
would impede progress. Table III shows 
types of failures which have occurred 
since 1933. 

Sensitivity of Detection of Failures 

with Current Waves 

1 

It has been proved by the authors’ ex¬ 
perience in commercial and developmental 
testing, as well as by many other investi¬ 
gators, that the current wave when used 
with the proper technique, will detect all 
failures, as previously defined, occurring 
on the full wave. It is not usable on steep 
front and chopped waves because slight 
changes in spark-over time of the chop¬ 
ping gap will result in current-wave 
changes similar to failure indications. 
Thus failures occurring during application 
of these waves, unless noticed by other 
means, will not be detected if the fault is 
not re-established during full-wave ap¬ 
plication. The same applies, of course, 
for the voltage oscillograms. To mini¬ 
mize such occurrence, the full wave must 
be applied immediately after the chopped 
wave. If applied within 1 minute, the 
chances that a fault may not recur are 
negligible. From Figure 6 it is evident 


that the faults most difficult to detect by 
means other than the current wave, have 
the slowest recuperative power and are 
certain to be detected by the current 
wave. 

In some respects the current wave is too 
sensitive. It will record small disturb¬ 
ances produced by stray currents occur¬ 
ring for the following reasons: 

1. Disturbances in the impulse generator 
gap, ground, and measuring circuit. 

2. Disturbances in the core, which may be 
spitting between core sheets or between core 
and tank. 

3. Entrapped air. 

4. Some types of corona. 

These disturbances appear as small pips 
or a flurry of low-amplitude high-fre¬ 
quency oscillations superimposed on the 
expected wave shape, without, however, 
causing any other change in that shape, 
see Figure 7. During the past 6 years, 
where the current wave has been used on 
all commercial and developmental test- 
ing, it has been found that it is practically 
impossible to locate the source of such 
disturbances which are inside the trans¬ 
former. This is because such disturb¬ 
ances leave no mark. After thorough in¬ 
vestigation of such cases, the following 
practice has been evolved to take care of 
such situations: 

1. The impulse circuit is carefully exam¬ 
ined and any suspicious connections or leads 
are rearranged. 

2. The transformer is tipped to check for 
entrapped air. 

This procedure eliminates many of the 
disturbances. In those cases where dis- 
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Figure 7. Current oscillograms showing slight 
disturbances superimposed on normal wave 
shape. Oscillograms on top show initial dis¬ 
turbances. Oscillograms on bottom show re¬ 
duced disturbances after several full waves 

were applied 


turbances persist, several full waves are 
applied and the resulting oscillograms are 
carefully compared. In many such cases 
the disturbance will disappear completely 
or diminish in intensity. In some it re¬ 
tains its original amplitude. So far no 
cases of small disturbances have shown 
an increase in intensity. Since the actual 
wave shape is not changed, no complete 
short circuit has been established in such 
cases. Since it seldom has been possible 
to determine the source of the disturbance 
and since the fact that the disturbance 
does not increase indicates that the cause 
is not progressive, the transformer is 
passed. Such disturbances never appear 
on the applied voltage waves and, there¬ 
fore, information would be lost were the 
current wave not used. 

This procedure permits the use of the 
current wave as the most sensitive failure 
indicator, without causing impractical 
delays in shipping transformers which 
may have some slight sparking under high 
impulse voltages in places where no 
danger to service life or performance is in¬ 
volved. At the same time, the occur¬ 
rences are properly noted and serve as a 
continuous check on testing and manufac¬ 
turing methods. 

Low-Frequency Dielectric Tests 

Low-frequency dielectric tests demon¬ 
strate, to a considerable degree, the fol¬ 
lowing: , 

1. The impulse strength at the line end. 


2. The strength for certain types of switch¬ 
ing surges. 

3. The ability to stand rated voltage con¬ 
tinuously. 

There has been a tendency to deprecate 
the importance of the low-frequency 
tests. 

The present impulse test values were 
agreed upon about 15 years ago 8 after 
considerable discussion of impulse ratios, 
volt-time relationships, and so forth. The 
ratios between impulse and low-fre¬ 
quency dielectric tests have been retained 
even for transformers on grounded sys¬ 
tems where the test levels were reduced 
to the next lower insulation class. There 
have been suggestions that these ratios are 
obsolete and should be revised. 

Our tests show that on the average the 
present ratios are about right. Actually 
impulse ratios of insulation structures in 
oil vary over a fairly wide range. Since 
transformers contain a great variety of 
structures there obviously can be no one 
ratio that is right for all conditions. 
Until a great deal more evidence is pre¬ 
sented to the contrary", the present test 
ratios should be maintained. 

Co-ordination of insulation with re¬ 
spect to switching surges may become as 
important as impulse-voltage co-ordina¬ 
tion. The relation between transformer- 
impulse and low-frequency tests and 
switching surge voltages is shown on 
Figure 8 for 230-kv transformers for vari¬ 
ous insulation classes. For the 180-lev or 
75-per-cent insulation class the low-fre¬ 
quency test voltage crest is 2.6 times the 
permissible line-to-ground operating crest 
voltage. This is well within the expected 
range of switching surge voltages. 


The information available on the 
strength of insulation in the region be¬ 
tween the 1.5x40 wave and the low-fre¬ 
quency 1-minute test is limited to very 
small test specimens at relatively «low 
voltages 9 *™ and is not representative of 
over-all transformer insulation struc¬ 
tures. The strengths of other types of 
structures used in transformers have not 
been investigated but limited data in¬ 
dicate large reductions in strength below 
the 1.5x40-microsecond wave strength. 
In the authors’ opinion no change in low- 
frequency test requirements should be 
made until: 

1. The wave shapes, amplitudes, and dura¬ 
tion of switching surges are better under¬ 
stood. 

2. The insulation strengths of actual trans¬ 
former insulations are determined in the 
region discussed previously. 

Conclusions 

The following conclusions can be 
drawn : 

1. The comparison between service and 
test failures justifies the policy of limiting 
impulse testing to the number of trans¬ 
formers that can be tested carefully, and 
with the best available failure detection 
techniques. 

2. A simple full-wave test using quality 
control principles shows promise of proving 
manufacturing and design quality. 

3. Impulse-test failures that do not pro¬ 
duce bubbles, smoke, or noise are apt to be 
undetected unless neutral current measure¬ 
ments are made. 

4. Impulse-test failures that are detected 
by neutral current measurements only may 
be those most likely to cause failures in 
service. 


Figure 8. Rela¬ 
tion between 
switching surge 
amplitudes, trans¬ 
former test levels, 
and lightning ar¬ 
rester protective 
levels of 230-kv 
transformers for 
various insulation 
classes 

1. Transformer 

tests 

2. Lightning ar¬ 
rester protective 

level 
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b. Low fre¬ 
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5. The sensitivity of the neutral-current 
method to stray sparking should not be 
used as an excuse for depending on less 
sensitive indicators of failure. Practical 
procedures are evolved easily. 

6. Failures in service caused by transient 
overvoltages are rare even for transformers 
that have not been impulse-tested. 

/. Low-frequency dielectric test values 
should retain the established ratio to the 
impulse-test yalues for the present. 

8. Information on switching surge wave 
shapes, amplitudes, and durations should 
be obtained. 

9. The strength of transformer insulations 


Discussion 

H. L. Rorden (Allis -Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): In this 
day of reducing insulation levels of high- 
voltage transformers by more realistic bal¬ 
ance between protective levels and basic in¬ 
sulation levels, the method of failure detec¬ 
tion described by the authors is a definite 
step toward realism and elimination of un¬ 
known margins in our practices. Since the 
cost of insulation is very high in transform¬ 
ers, the “ignorance factor” has cost the 
industry heavily in past practices. By their 
method of detection of incipient failure the 
authors can more accurately determine ade¬ 
quate distribution of insulation to provide a 
well-balanced design relative to surge 
stresses. 

The statement that failures in service are 
rare, even for transformers that have not 
been impulse tested, is significant in demon¬ 
strating that the blame too frequently is put 
in the wrong place. .Also, the statement that 
a more realistic picture of the types of surges 
that occur in service is desirable, should be 
taken seriously by those who may be in a 
position to supply such information. With 
the surge testing equipment available in the 
large factories, manufacturers could go 
much farther still in their quest for adequate 
insulation distribution if they knew more 
conclusively what transformers are sub¬ 
jected to in service. There is not much use 
to provide insulation to withstand stresses 
that do not occur on transmission systems. 

Lines of the Bonneville Power Adminis¬ 
tration are provided with ground wires only 
for station protection and extend about 1 
mile on the 230-kv system. If the ground- 
wire design is adequate, direct strokes should 
not occur near transformers and so the steep 
wave front test is ordinarily not an indica¬ 
tion of service requirement. Direct strokes 
occur to conductors a mile or more from 
stations and flashover at the nearest tower 
to the point where the hit occurred. The re¬ 
sultant wave at that point is, therefore, a 
steep front, chopped by insulator flashover 
to a level determined by the footing resist¬ 
ance and the line surge impedance. When 
this wave reaches the station, the steep 
front has been attenuated considerably so 
that the wave is somewhat like a long tail 
with an initial hump that is considerably be¬ 
low insulator flashover. While we are in¬ 
clined to think this is best duplicated in the 
laboratory by the full-wave test, the authors’ 
opinions would be appreciated. 


on various types of switching surges needs 
to be determined. 
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F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): There are divergent opinions 
on some of the statements made in this 
paper. For example, some engineers did, 
and some still do, fear the possibility of dam¬ 
age in making impulse tests. My own ex¬ 
perience is that except from a legal view¬ 
point, the use of impulse tests have led to 
negligible damage even from the first, and 
have raised the quality no end. Now some 
of the engineers formerly most reluctant to 
accept such tests are satisfied on the basis of 
the improvement in failure detection. It is 
felt that the authors are unduly concerned 
about the difficulty of finding damage due to 
the test. 

So far as the service record is concerned, 
it is believed that it is exceedingly good for 
modern transformers. Statistical informa¬ 
tion on the untested units does not mean too 
much, because lightning in most stations is 
rare, and the chance of failure due to a de¬ 
fect then somewhat rarer. But I know of 
untested units failing in the field, and of de¬ 
fects in design, material, and assembly which 
showed up on some units on test and not on 
others. I believe if I had a big station, I 
would want the units to be tested. 

The authors’ comments regardingtherel- 
ative value of failure indicators is affected 
by the design, in my opinion, and also by the 
techniques used in testing. The location of 
troubles is important, but by noting the 
time, the nature of the disturbance on the 
oscillogram, and other factors, it can usu¬ 
ally be located quite closely. 

It is interesting that the authors are ad¬ 
vocating the use of current waves in testing 
and then find them too sensitive. Some 
people have not passed units with the slight¬ 
est discrepancy in the current wave. En¬ 
trapped air should be avoided by vacuum 
filling. Corona under oil can be avoided. 
The core should be grounded. Therefore, 
entrapped air, corona, and “floating” core 
parts should not exist. Disturbances in the 
impulse generator circuit do occur but are on 
the front part of the wave. Some bushings 
and small parts have corona which show up 
as the authors describe and the use of cur¬ 
rent waves has required unnecessary re¬ 
finement in their design. Irregularities in 
the surge generator circuit can not be pre¬ 
vented in many cases practically. 

With respect to the ratios of 60-cycle and 
impulse-test values, that is a matter of de¬ 
sign. Prevalent designs may change, and 
there may be progress in the art to make 
these ratios change. Even so, it is realized 


that changes in the standards will take 
place slowly and after such progress has 
taken place. This matter is of pressing im¬ 
portance now since it is a period where 
transmission voltages are being increased, 
and it affects cost and critical materials. 


H. S. Hubbard (General Electric Company, 
Pittsfield, Mass.): As pointed out by the 
authors, the value of the impulse test first as 
a research and development tool, and second 
as a means of proof testing on a quality con¬ 
trol basis, is well established. This is amply 
supported by the enviable record of trans¬ 
formers in service and the almost complete 
lack of failures due to lightning on systems 
protected with modern lightning arresters. 

In the power-transformer field, however, 
impulse testing has not yet reached the 
stage where it is a simple “go” and “no-go” 
proposition. To apply the complete Ameri¬ 
can Standards Association and National 
Electrical Manufacturers Association tests 
as now included in the standards to the very 
wide range of power-transformer ratings as 
manufactured today is both time consuming 
and uneconomical on a production basis. 
This is particularly true because of the high 
degree of technique required and the phys¬ 
ical nature of the equipment involved. 

Thus it is apparent that to take further 
advantage of impulse testing and to realize 
the economies which surely lie ahead, some 
modification in the test requirements for 
production testing of large numbers of units 
is definitely in order. 

The authors have suggested that the full 
wave only might be considered as the basic 
transformer test. It is apparent from many 
available sources in the industry that this 
would be adequate for a vast majority of the 
requirements met with in service. If this 
be true, as we believe it to be, then there 
seems to be no merit in penalizing the indus¬ 
try as a whole for a minority of cases where 
ample means for the more complete tests are 
already available in the standards. 

Accordingly a program has been instituted 
whereby a limited number of transformers 
of a given class are tested on a regular 
weekly schedule. This test comprises the ap¬ 
plication of a reduced 50-per-cent full wave 
followed by two full waves at the basic im¬ 
pulse insulation level. It is expected that 
this program will be continued and un¬ 
doubtedly will expand in the future. 

Such a simplification, as indicated, is 
practical, economical, and could be applied 
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on a production basis without any great 
sacrifice in the efficacy of the impulse test. 


I. W. Gross (American Gas and Electric 
Service Corporation, New York, N. Y.): 
This paper is of particular interest to us as 
we have been impulse testing practically all 
132-kv power transformers since this type 
of commercial testing of power transformers 
was first initiated, and to date none of those 
transformers which have been tested have 
failed in service from lightning. With such a 
record as this we must survey critically any 
proposed changes of impulse-testing pro¬ 
cedure which it appears the authors are to 
some extent, recommending. 

While the first transformers tested re¬ 
ceived chopped-wave and full-wave tests 
the steep front test was introduced later. 
This was done because it was felt that in 
service, transformers may be subject to any 
of the three types of waves, and therefore, a 
factory-proved test was desirable to show 
the transformers’ ability to withstand such 
voltages. From the authors’ statements it 
appears that they are now favoring full- 
wave tests only on the basis that by so 
doing more transformers can be tested com¬ 
mercially. In our early days of testing only 
one transformer of a bank of three or four 
was actually tested. However, the field rec¬ 
ord shows no failures of either the tested 
transformer or of the other units in the bank 
which, in many instances, did not receive 
any impulse test. We believe that it is im¬ 
portant to maintain the test level at the reg¬ 
ular specified value rather than endeavor to 
cut the magnitude of the voltage as has been 
attempted in some cases. Likewise, it seems 
desirable to retain at least one of the 
chopped-wave tests and the one chopped on 
the front of the wave is preferred to the 
one chopped on the tail. 


It should be pointed out that the present 
tendency in commercial impulse testing 
indicates a preference to omit the 60-cycle 
excitation, a feature which reduces the 
severity of the test on the transformer, and 
is a compromise to simplify commercial test¬ 
ing procedure, although it does not con¬ 
form to field conditions. Any attempt, 
therefore, to weaken or discount the present 
testing procedure should be viewed with 
considerable caution, and due consideration 
given to the adequacy of the test which we 
agree should, so far as reasonably possible, 
simulate field conditions. 

The authors point out quite aptly that the 
switching surge strength of transformers is 
important, and that very little is known 
about this important feature at the present 
time because of the lack of data, and that 
the subject should be investigated further. 
We are fully in agreement with this reason¬ 
ing and hope more attention will be given to 
the subject in the not too distant future, as it 
becomes increasingly important due to the 
present practice, and the impetus from 
some quarters, in reducing both impulse and 
60-cycle test values on transformers. 

J. H. Hagenguth and J. R. Meador: For 
the conditions described by Mr. Rorden for 
the lines of the Bonneville Power Adminis¬ 
tration, we agree that the full wave is the 
most realistic. A highly damped oscillation 
of moderate magnitude superimposed on the 
crest of the full wave would be even better, 
if obtainable. 

We wish to thank Mr. Hubbard for his 
comments on impulse test simplification 
which are in complete agreement with the 
ideas expressed in the paper. 

With regard to the comments by Mr. 
Gross, it is difficult to visualize the condi¬ 
tions under which the impulse waves reach¬ 


ing the transformer in service can be of the 
steep front test wave type where direct 
stroke shielding and lightning arresters are 
used. 

As stated in the first paragraph of this 
closure, we believe the most realistic wave to 
be a full wave, possibly with an oscillation 
superimposed on the crest. Mr. Gross 
agrees that it is important to devote more 
attention to switching surges. It would be 
very helpful if Mr. Gross, Mr. Rorden, and 
others would publish any available data 
from their systems on the wave shapes, am¬ 
plitudes, and duration of switching surges. 

Mr. Vogel points out that there are 
divergent opinions on some of the statements 
made in this paper. On the question of 
damage during impulse test, our opinion can 
be restated in another way. We do not 
hesitate to make impulse tests because oi 
fear of undetected damage. However, when 
impulse tests are made, we feel strongly that 
the best available means of failure detection 
should be used. While it cannot be proved 
that undetected damage during impulse test 
has caused any failures in service, a user 
would certainly be reluctant to install a 
transformer known to contain such damage. 
We do not find, as Mr. Vogel has, that dis¬ 
turbances in the impulse generator circuit 
always occur on the front of the wave. 
Furthermore, we believe that the pattern of 
such disturbances can be recognized and, 
after some investigation, disregarded. Small 
disturbances are occasionally found to be 
caused by entrapped air where, after vacuum 
filling, the oil must be lowered som ewhat and 
then refilled to normal level during routine 
testing. 

We believe that the obvious advantages of 
the neutral current method should not be 
lost by not using it just because of some 
slight imperfections for which practical pro¬ 
cedures can be evaluated. 


Sleet Melting on the American Gas 

and Electric System 

S. C. BARTLETT C. A. IMBURGIA G. H. McDANIEL 

MEMBER AIEE MEMBER AIEE MEMBER AIEE 


E ARLY developments in sleet-melting 
and sleet-detection methods on the 
American Gas and Electric System were 
described in papers written in May and 
August 1939. 1>2 These methods were 
basically the detection of sleet formation 
by carrier-current means, and the isolat¬ 
ing and connecting in series of sufficient 
lengths of 132-kv circuit to obtain the re¬ 
quired sleet-melting current when the 
circuit is short-circuited at one end and 
connected directly to a 132-kv source at 
the other end. The present paper will 
outline the further developments in sleet¬ 
melting procedures which have taken 


place since these papers were written. 

The American Gas and Electric System, 
an integrated network of 132-kv lines ex¬ 
tending from Lake Michigan to the Vir¬ 
ginia-North Carolina border, in 13 years 
has experienced a tripling of load with an 
increase in total 132-kv line mileage to 
4,200 circuit miles, see Figure 1. While 
this has resulted in more lines to be 
melted, it is also obvious that the accom¬ 
panying increase in generating and sub¬ 
station capacities, including extensive 
synchronous condenser and capacitor in¬ 
stallations, has made available more and 
heavier sources of sleet-melting power and 


kilovars which are necessary for applying 
full-line voltage to a short-circuited line. 
As a matter of fact, even in the planning 
stages, where new lines are under con¬ 
sideration, the sleet- melting problem is 
set up and studied on the network an¬ 
alyzer along with the usual studies of 
power flow, voltage, and stability condi¬ 
tions. While large generating stations are 
still the principal direct sources or points 
of application of sleet-melting current, in 
many cases it is now possible, as a result 
of increase in concentration of power, to 
use substations for this purpose. 

An example of a typical sleet-melting 
setup in the Indiana area of the American 
Gas and Electric System is given in 
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Figure 1 


Figures 2 and 3. In this case the Fort 
Wayne Substation is used as a source for 
melting ice on 158.4 miles of 397,500- 
circular mil steel-reinforced-aluminum- 
cable conductor. The normal power flow 
conditions prior to sleet-melting are 
shown in Figure 2, while Figure 3 shows 
the power flow during the sleet-melting 
period. It will be noted that the voltage 
at Fort Wayne during sleet melting is de¬ 
pressed from a normal of 132,000 volts to 
124,700 volts. This creates only a minor 
disturbance to the customers in the area, 
however, particularly since other voltage 
correction is applied on the subtransmis¬ 
sion system at points at or near the load 
centers. In many cases substations are 
used as source for melting ice and result in 
only a slight depression of the 132-kv 
transmission voltage. 

In general, with the system as now de¬ 
veloped, there exists sufficient flexibility 
to obtain line combinations and short-cir¬ 


cuit currents to do a reasonably fast melt- 
ing job. There are frequent instances, 
however, where the necessary line com¬ 
binations involve more than one con¬ 
ductor in series. In such cases it is neces¬ 
sary to obtain sufficient current for the 
larger conductor without exceeding the 
permissible current loading of the smaller 
conductor. Table I shows the actual 
sleet-melting current obtained in a num¬ 
ber of such combinations, the short-cir¬ 
cuit current in each case being adequate 
to melt ice on the larger conductor with¬ 
out endangering the smaller conductor, 
even if continued for extensive periods of 
time. The Turner-Logan-Baileysville- 
Switchback-Saltville circuit, as shown in 
Table I, consists mainly of 397,500- 
circular mil steel-reinforced-aluminum 
cable with approximately 3 miles of 292, 
000-circular mil steel-reinforced-aluminum 
cable. With an ice glaze of 1/2 inch, 
low wind velocity, and near freezing 


temperature, it is possible to melt ice on 
this circuit in approximately 15 minutes, 
using 750 amperes which is believed to be 
safe for the 292,000-circular mil steel-rein¬ 
forced-aluminum cable conductor. 

In a few cases it has been necessary to 
melt sleet on short sections of line at bus 
voltages under 132 kv. In these cases the 
short-circuit current has been applied 
from existing subtransmission buses. Ex¬ 
amples of this are shown in tabular form 
in Table II. 

In Table I the last three items include 
methods of melting certain line sections 
which previously had to be melted at sub¬ 
transmission voltage and are shown under 
special voltage sleet melting procedures 
in Table II. In recent studies it was 
found that these lines could now be 
melted by using 132-kv sources. 

In planning sleet-melting procedures, 
some of the factors that must be con¬ 
sidered are: 
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Tabic I. American Gas and Electric System 

Typical 132-Kv Sleet Melting Procedure 


Test 

Number 

Lines 

Length, 

Miles 

Largest 

Conductor, 

Steel- 

Reinforced- 

Aluminum 

Cable 

Circular Mils 

Smallest 

Conductor, 

Steel- 

Reinforced- 

Aluminum 

Cable 

Circular Mils 

Melting 

Current, 

Amperes 

1 . .. . 

.Twin Branch-Ft. Wayne-Liina. 

... 129... 

. . 397 500 

397 500 

740 

2 .... 

. Philo-Howard-Fostoria. 

... 126.... 


397 .500 

. . .765 

3 . . . . 

. Phil o-Sunnyside-Windsor. 

... 129_ 

_ 336,400... 

_200,000_ 

. . .670 

4 . . . . 

. Sporn-Portsmouth-South Point-Turner.. . 

... 143_ 

....477,000... 

_397,500_ 

...680 

5 ... . 

.Turner-Logan-Baileysville-Switchback- 
Saltville.. 

...127_ 

,...397,500... 

_292,000_ 

... 740 

6 .... 

.Cabin Creek-Glen Lyn-Claytor-Fieldale. . 

... 123_ 

,... 556 , 500 ... 

_ 397 , 500 _ 

. . . 630 

7 ... . 

, Madison-Tanners Creek-Special Double 
source from Ft. Wayne and Tanners 
Creek (Temporary) . 

... 82 _ 

, ...636,000... 

_636,000_ 

9m$ 

. . . 760 

8*. . . . 

.Ft. Wayne-Lincoln-Twin Branch-South 
Bend-New Carlisle-Michigan City. 

...135. . . . 

. .. .477,000. .. 

_ 397 , 500 _ 

.. .710 

9*. . . . 

.Ft. Wayne-Lincoln-Twin Branch-South 
Bend-Plymouth-Michigan City . 

... 135 _ 

,.. .477,000. .. 


.. .710 

10 *. . . . 

.Ft. Wayne-Lincoln-Twin Branch-River¬ 
side . 

... 128. .. 

... .477,000. .. 


... 750 


* Ice on certain line sections previously melted at 2? kv. procedures in 1952 permit melting at 132 kv. 


Table II. American Gas and Electric System 

Special Low-Voltage Sleet Melting Procedure Applied to 132-Kv Lines 


Test 

Number 

Lines 

Melting Bus 
Nominal 
Voltage, 
Kilovolts 

Length, 

Miles 

Conductor, 

Steel-Reinforced- 

Aluminum 

Cable 

Circular Mils 

Melting 

Current, 

Amperes 

1. .. . 

.South Bend-New Carlisle-Michigan City. 

.27. 

...40... 

.... 397 500 

470 

2 ... . 

.South Bend-Plymouth-Michigan City. . . 

.27. 

. ..40... 

397 500 

500 

3. . . . 

. South Bend-Twin Branch-Riverside. 

.27. 

...43. . . 


...150 

4. . . . 

. Tidd-Wagenhals. 

.66. 

. 54 


R85 

5. . . . 

. Tidd-Torrey. 


...57... 

.556,500. 

...835 

6 ... . 

. Tidd-Natrium-Summerfield. 


...70... 


...680 


1. The selection of a line combination and 
grounding and switching arrangement which 
will give as high a current as possible with¬ 
out endangering equipment and service to 
customers. 

2. The importance of melting as quickly 
as possible in order to keep the circuit out¬ 
age time to a minimum. Early detection 
and the use of as high a current as possible 
will help to accomplish this, see Table III. 

3. Any necessary adjustments in system 
load distribution and the need, if required, 
for help from interconnected companies. 

4. The short-time current-carrying capac¬ 
ity of busses, by-pass facilities, current 
transformers, and so forth. In some in¬ 
stances it has been necessary to rebuild or 
replace equipment. 

5. The adequacy of conductor joints to 
withstand sleet-melting currents. 

6. The need for sending men to un¬ 
attended stations and keeping them there 
throughout the switching period. 

As pointed out in the previous papers, 
the behavior of carrier-current frequencies 
on transmission lines in the presence of 
sleet provides the key to the sleet-de¬ 
tection problem. It was observed on our 
own and on other systems, that during 
sleet storms carrier telephone channels be¬ 
came inoperative and that even tele¬ 
metering and relay channels, which have a 
considerably greater margin, were fre¬ 
quently affected. Although few measure¬ 
ments have been made, it appears that 
signal attenuation during sleet formation 
might run from 10 to 20 times the values 
observed on a dry line. This increased 
attenuation, co-ordinated with observa- 
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Table 111. American Gas and Electric System 

Range of Sleet-Melting Currents for Various 
Conductors Near 30 Degrees Fahrenheit 

Ambient 


Short-Circuit Current 


• # 

Conductor 

Minimum 

Amperes 

Maximum 

Amperes 

200,000 copper. ?. . 

.475. 

... 550 

336,400 steel-reinforced- 
aluminum cable. 

.550. 

... 700 

397,500 steel-reinforced- 
aluminum cable. 

.550. 

... 750 

477,000 steel-reinforced- 
aluminum cable.. 

.575. 

... 800 

556,500 steel-reinforced- 
aluminum cable. 

.600. 

... 900 

636,000 steel-reinforced- 
aluminum cable. 

.625. 

, . . .1000 


tions of ambient temperature and pre¬ 
cipitation, was therefore used to give the 
operator an indication of the formation of 
ice. In order to detect this attenuation in 
the early stages of sleet formation, the 
equipment must be sensitive to small 
changes and yet relatively free from other 
disturbance. While special carrier-cur¬ 
rent transmitters and receivers could be 
designed for this purpose, it would be un¬ 
duly expensive. Moreover, it was found 
that standard carrier-current relay equip¬ 
ment was almost ideally suited to the ad¬ 
ditional purpose of sleet detection for the 
following reasons: 

1. The channel is confined to a single 
section. 

2. The channel is protected by line traps 
at all terminals, thus reducing effect of 
abnormal switching. 

3. The equipment is very simple and 
capable of retaining its characteristics 

4. Operation takes place at high signal 
strength, minimizing the effect of noise and 
other signals. 

Assuming that an instrument and test 
switch are available on the relay panel for 
testing carrier transmission, it is only 
necessary, therefore, to add a relay and 
resistor in the carrier set itself and a 
switch or additional switch contact at the 



relay panel. In fact, many sets today are 
already equipped with the relay and re¬ 
sistor as shown in Figure 4. 

The theory of operation of sleet-detec¬ 
tion equipment has been discussed in a 
previous paper 2 and amounts to readjust¬ 
ing the relay set so that it becomes sensi¬ 
tive to small changes of input signals. Its 
normal characteristic is substantially con¬ 
stant through a wide range of input sig¬ 
nals, as shown in Figure 5. It will be 
noted that on an average transmission line 
the total attenuation between transmitter 
and receiver may be in the order of 20 
decibels, as at point A on the graph. If 
we consider the receiver relay to be in¬ 
operative below 10 milliam peres, we 
would then have a margin of 25 decibels 
additional attenuation between point A 
and point B. Normally the equipment is 
adjusted to give all such possible margin. 
To have a carrier relay set act as a sleet 
detector, it is only necessary to introduce 
attenuation artificially through a resistor 
as shown in Figure 4 to have it operate 
at point C as shown in Figure 5. The re¬ 
ceiver output will then change rapidly 
with any further increase in attenuation 
such as that due to ice formation. With 
this modified equipment, a simple test 
can be made by transmitting at one end of 
the line and observing receiver output at 
the other. The readings may then be 
crosschecked by reversing the signals. 

When temperatures and precipitation 
are favorable for the formation of sleet, 
tests are made at frequent intervals and 
sleet melting is started as soon as readings 
drop more than 10 per cent below normal. 
Unfortunately this sleet-detecting system 
is unable to distinguish between a slight 
deposit of ice over an entire line and a 
dangerous concentration of ice within a 
few spans'. Therefore, to be safe it is 
necessary to apply sleet-melting current as 
soon as possible before the second circuit 
on the same tower has excessive ice load¬ 
ing. 

The tests on the sleet-detector' equip¬ 
ment usually are made daily throughout 



Figure 5. Sleet detector characteristic 


the year since they provide an advance 
indication of impaired performance of the 
carrier sets, line tunings, line traps, and 
so forth. 

In other papers 3 * 4 plans of the American 
Gas and Electric Company for the de¬ 
velopment of a 330-kv transmission sys¬ 
tem have been outlined. Several of these 
lines are now under construction, the first 
of which, operated initially at 132 kv, 
went into service in May 1952, between 
the Philip Sporn plant and the new Kana¬ 
wha River plant. While there was some 
opinion that these lines would be substan¬ 
tially sleetproof, our considered conclu¬ 
sion was that this would be a dangerous 
assumption and that provision for sleet 
melting, at least as the new system be¬ 
came more fully developed, would be es¬ 
sential. Sleet melting, therefore, became 
a factor in the 330-kv line design and in 
the conductor selection. 

The conductor finally selected was 
1,269,000-circular mil steel-reinforced - 
aluminum cable, an expanded type with a 
diameter of 1.6 inches. Actual ice-melting 
tests on this conductor were carried out in 
co-operation with the Aluminum Com¬ 
pany of America at Massena, using a test 
setup as shown in Figure 6. The 1/2 inch 
of ice shown in this picture was removed 
successfully with 1,200 amperes as illus¬ 
trated in Figure 7. In Table IV the melt¬ 
ing times required for this conductor at 
approximately 30 degrees Fahrenheit 
ambient are given for various current 
values. It will be noted that with 174- 
inch ice accumulation the time will vary 
from 45 minutes with 1,200 amperes to 
about 24 minutes with 1,600 amperes. 


Table IV. American Gas and Electric System 

Minutes Required to Melt Sleet on 1 ,269,000- 
Circular-Mil Steel-Reinforced-Aluminum 
Cable 30 Degrees Fahrenheit Ambient 


Amperes 1/2-Inch Ice 3/8-Inch Ice 1/4-Inch Ice 


1200.... 
1300.... 

. ...100. 

_ 85. 

.75. 

... . 65 

.43 

36 

1400.... 

. .. . 73. 

. 55 . 

.32 

1500.... 

- 64. 

.48. 

. 28 

1600.... 

_ 55. 

.42. 

.24 
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Figure 6. Ameri- * 
can Gas and Elec¬ 
tric Service Corp¬ 
oration and Alu¬ 
minum Company 
of America^leet- 
melting tests on 
1,269,000 - cir¬ 
cular mil steel-re¬ 
inforced - alumi¬ 
num-cable con¬ 
ductor — begin¬ 
ning of test 



Figure 7. Ameri¬ 
can Gas and Elec¬ 
tric Service Corp¬ 
oration and Alu¬ 
minum Company 
of America sleet¬ 
melting tests on 
1,269,000-circu¬ 
lar mil steel-rein- 
forced-aluminum 
cable conductor 
—end of test 


Melting sleet on these high-voltage 
lines at 330 kv obviously is out of the 
question in view of the power require¬ 
ments of 700,000 to 900,000 kva. Net¬ 
work analyzer studies, on the other hand, 
show that it will be quite feasible to ener¬ 
gize for sleet melting at 132 kv. At this 
voltage the required current of 1,200 to 
1,600 amperes can be obtained with line 
lengths varying from 85 miles to 65 miles 
respectively. For 1,200 amperes and a 
line length of 85 miles, the power require¬ 
ments will be approximately 275,000 
kilovars and 30,000 kilowatts. This com- 
* pares with about 375,000 kilovars and 
40,000 kilowatts for a current of 1,600 
amperes and a line length of 65 miles. 

Experience through the years gives us a 
feeling of satisfaction regarding the 
methods employed in melting sleet at 
full-line voltage. It must be conceded 
that upon occasion operators will go 
through the process of melting only to find 
subsequently that the sleet indication re¬ 
sulted from rain or other signal impair¬ 
ment. However, the cost of going through 
this process is small and adequately jus¬ 


tified by the assurance that steps are 
taken on the safe side. 
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Discussion 

Conrad F. De Sieno (American Gas and 
Electric Service Corporation, New York, 
N.Y.): In determining sleet-melting pro¬ 
cedures for a system as extensive as that of 
the American Gas and Electric Company, 
time-saving approximations are often neces¬ 
sary and justified. Although the a-c net¬ 


work analyzer is ideal for studying sleet¬ 
melting source-line-ground combinations, its 
usage for this purpose often can be limited to 
a few basic studies to determine mainly 
which stations have the capability of sup¬ 
plying the necessary reactive power without 
excessive voltage drop and, therefore, which 
can be used as sleet-melting source points. 
The sleet-melting setups then can be deter¬ 
mined by trial-and-error calculations using 
the nominal voltage at the source and the 
series line impedance to the grounding point. 
The resulting current should lie within the 
range given in Table III of the paper for all 
conductors involved; also, all the factors 
enumerated in the paper should be consid¬ 
ered for the setup in question. The actual 
source voltage and line-charging current can 
be estimated and the sleet-melting current 
can be corrected accordingly, but this is 
seldom necessary because great accuracy is 
not required. 

This procedure can be simplified further 
by using curves of sleet-melting current, 
power, and reactive versus line length, 
drawn for specific conductors and based on 
nominal source voltage. Figure 1 of this 
discussion shows a curve used as an aid in 
planning sleet-melting setups for our 330-kv 
lines. These lines are being equipped with 
1.6-inch-diameter 1,275,000-circular-mil ex¬ 
panded steel-reinforced-aluminum-cable con¬ 
ductors at an effective spacing of 29 feet. 
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Figure 1. Sleet-melting cur¬ 
rent, power, and reactive 
versus line length for 1.6-inch- 
diameter 1,275,000-circular- 
mil expanded steel-reinforced 
aluminum-cable conductor 
based on 132.0-kv applied 
voltage 


The conductor temperature of 60 degrees 
Fahrenheit is based on temperatures meas¬ 
ured during recent sleet-melting tests by 
the Aluminum Company of America. Al¬ 
though this conductor is capable of carrying 
2,000 amperes for a limited time during sleet 
conditions, our sleet-melting current is 
limited, at present, to 1,600 amperes by the 
existing 132-kv terminal equipment which 
must be used for this purpose. Currents be¬ 
low 1,200 amperes, on the other hand, re¬ 
quire excessive time for sleet melting. The 
curve readily shows that for this range of 
currents our sleet-melting setups are limited 
to 330-kv lines between 63 and 85 miles in 
length with 132-kv sources which must be 
capable of supplying between 200,000 and 
400,000 kilovars. 


Power Limits of Transmission Lines 

LINDON E. SALINE 

ASSOCIATE MEMBER AIEE 


T HIS paper presents the results of 
studies of the factors which influence 
the power limits or design loadings of 
transmission lines. Recent investiga¬ 
tions 1-8 have shown the principal factors 
determining the loading of transmission 
circuits, particularly those for distances 
of 100 to 600 miles. With the recent 
progress in high-voltage transmission, the 
economic factors of the previous studies 
may need review. The present investiga¬ 
tion extends the earlier studies to include 
lines from 10 to 600 miles in length and 
correlates the basic philosophy of trans¬ 
mission-line loading for both long and 
short lines. This study indicates a fur¬ 
ther confirmation and refinement of the 
previous studies and at the same time 
gives results in the range of shorter length 
lines. 

Since there is a continuing trend to¬ 
ward the use of higher voltages, it is de¬ 
sirable to study their possibilities more 
completely on a generalized basis. The 
economic feasibility of using high volt¬ 
ages for even shorter distances than were 
previously thought practicable results 
from a continuing reduction in line and 
terminal equipment insulation and from a 
fuller exploration of the economic ad¬ 
vantages realized by using larger trans¬ 
former units, higher-interrupting-capacity 
circuit breakers, and larger conductors. 
Concurrently, the increasing cost of right- 
of-way in many areas and the high cost 
of transmission-line construction through 
rugged terrain has increased the economic 
attractiveness of higher voltages with the 
correspondingly heavier loadings. 5 ' 9 


From the present study, conclusions are 
drawn which indicate the influence of 
various factors on transmission-line load¬ 
ing over the entire range of distances ex¬ 
pected for 230 kv and higher. The results 
are general as regards the stability limits 
and may be applied to lines of any volt¬ 
age level. The economic comparisons in 
this study pertain to the 287-kv voltage 
level, which is about in the middle of the 
range for 230 kv to 380 kv and, hence, is 
fairly representative of the general eco¬ 
nomic picture for all voltages 230 kv and 
above. 

Where a higher-voltage line is to be 
superimposed on an already existing high- 
voltage system, the anticipated growth of 
load on the proposed transmission line 
(load-time curve) may be an important 
factor in determining when an investment 
should be made for the various steps 
which are taken before a complete high- 
voltage backbone and the ultimate line 
loading are realized. The present study 
considers only the ultimate line loading 
and, hence, the factor of time, that is, 
transmission line load growth, has been 
neglected. This study shows, therefore, 
the end economic result for the various 
factors considered; namely, voltage, dis¬ 
tance, intermediate switching stations, 
series capacitor compensation, and gen¬ 
erator and receiving-system reactances. 
After a consideration of the effect of these 
factors on the ultimate line loading, the 
anticipated load growth of the proposed 
line can be used, for example, in the de¬ 
termination of when the introduction of a 
higher voltage becomes desirable. 


Conclusions 

The results of the study of transmission 
lines 10 to 600 miles in length are sum¬ 
marized in this section: 

1. The representative economic power 
limits of two parallel high-voltage trans¬ 
mission lines are shown on Figure 1 in terms 
of the surge impedance loading (SIL, see 
Table I). These stability limits, which are 
based on clearing a 3-phase fault by switch¬ 
ing out one line section, depend on the 
assumptions for receiving-end reactance. 
For example, for the range of receiving-end 
reactance considered here, the stability 
limit of two lines 50 miles in length varies 
from approximately 1.75 to 2.5 per unit SIL 
which for a 330-kv system is a receiving 
power of 950 to 1,350 megawatts. These 
stability limits are for a system in which 
the rating of the sending-end generator and 
transformer is equal to the stability limit of 
the system. 

2. The basic system configuration, that is, 
the number of intermediate stations and the 
per-cent series compensation, which gives 
the representative economic power limits 
shown in Figure 1 is essentially independent 
of the range of receiving-end reactance con¬ 
sidered here. For example, for a line 
length of 100 miles and for receiving-end 
reactances in the range from 0.14 to 0.25 per 
unit, the economic limits are realized with 
one intermediate station and zero series com¬ 
pensation. 

3. The economic advantages resulting 
from heavier circuit loadings, reduced in¬ 
sulation, lower line losses, larger trans¬ 
former units, and higher-interrupting-capac¬ 
ity circuit breakers can be realized most 
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Figure 1 (left). Representative economic power limits for two parallel 
high-voltage transmission circuits, based on assumptions of Figure 2 and 

for 287-kv system cost data 
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readily in many cases by using higher- 
voltage lines. 

4. Intermediate switching stations are an 
economic means of increasing the power 
limits of lines as short as 60 miles. The 
economic number of switching stations is a 
function of the line length, the number of 
parallel circuits, and the per-cent series 
compensation. For any distance, as the 
number of parallel lines increases and/or the 
per-cent series compensation increases, the 
economic number of switching stations de¬ 
creases (spacing of stations increases). For 
example, for a 300-mile line with two 
parallel circuits, the economic spacing of 
switching stations increases from 50 to 75 
miles as the series compensation increases 
from zero to 75 per cent; whereas for a 600- 
mile line with 75-per-cent compensation, 
the economic spacing of switching stations is 
100 or 150 miles corresponding to two or six 
parallel lines. 

5. Series capacitor compensation installed 
at the intermediate busses may be practical 
and effective for two parallel circuits 
approximately 250 miles or longer. Series 
capacitors when used in this manner should 


Table I. Surge Impedance Loadings (SIL) 
per Circuit for Representative Voltage Levels 


Line, 

Kilovolts 

Single Conductor 
SIL, 

Kilowatts* 

Dual Conductors 
SIL, 

Kilowatts** 

115. 

. 33,000 


138. 

. 47,600 


161. 

. 65,000 


196. 

. 96,000 


230. 

.132,000. 

.165,000 

287. 

.206,000. 

.257,000 

330. 

.272,000. 

.340,000 

380. 

.361,000. 

.451,000 

450. 

.505,000. 

.632,000 


'•'Surge impedance kilowatt loading per circuit when 
the surge impedance is 400 ohms, corresponding 
approximately to high-voltage circuits using single 
conductors per phase without series or shunt com¬ 
pensation. 

'•"•'Surge impedance kilowatt loading per circuit 
when the surge impedance is 320 ohms, correspond¬ 
ing approximately to high-voltage circuits using 
dual conductors per phase without series or shunt 
compensation. 


be provided with quick reinsertion protec¬ 
tive equipment. 

6. For long lines, the economic design 
loading per circuit may be increased by 
paralleling more than two lines. For a 600- 
mile line with six parallel circuits, three 
intermediate switching stations and 75-per¬ 
cent series compensation appears to be an 
economic arrangement for increasing the 
line loading. The feasibility of such an 
arrangement depends in part on local geo¬ 
graphical conditions. 

7. Since a large part of the cost of electric 
energy transmission is in the initial invest¬ 
ment, the cost of energy varies almost in¬ 
versely with the load factor and directly 
with the annual charge on investment, but 
the relative costs of energy received for 
various system arrangements would not be 
altered for reasonable variations in load 
factor or annual charges. 

System Studied 

The system used in these studies is 
shown in Figure 2. The voltage at the 
sending and receiving high-voltage busses 
is unity under nonnal conditions, and the 
power factor of the receiving system is 
unity. In all cases the line conductor was 
800,000-circular mil copper equivalent 
(r/x — 0.1). Transient stability was tested 
with a 3-phase fault on the sending end. 
This fault was cleared in 3 cycles (0.05 
second for circuit breaker and relay opera¬ 
tion) by switching out a line section. 

The stability limit obtained from a 
transmission line of a certain distance de¬ 
pends on the sending- and receiving-end 
reactances. This is particularly true with 
short distances where the line impedance 
may be a relatively small percentage of 
the total impedance. The sending-end 
generator and transformer rating, which 
determines the sending-end reactance, 
was always chosen to correspond to the 
transient stability limit of the system, 


whereas two conditions of receiving-end 
reactance were investigated. For one 
condition the receiving-end system had a 
fixed capacity and a relatively high react¬ 
ance, and for the other condition the 
capacity of the receiving-end system was 
increased (the reactance decreased) as the 
stability limit of the system increased. 

The performance of the various schemes 
is reported in terms of the surge imped¬ 
ance loading, 8 see Table I; hence, the re¬ 
sults are general as regards the stability 
limits and may be applied to lines of any 
voltage level. The economic considera¬ 
tions however, must take into account the 
actual costs at the different voltage levels. 
Cost data for the economic studies is 
given for a 287-kv system on Figure 2. 
The cost of transformers is not included 
in the economic comparisons since the 
study concerns only one voltage level and 
the cost per kilovolt-ampere of transform¬ 
ers is assumed to be essentially constant. 
The economic studies are based on the 
power transferred at the stability limit. 

The series capacitors where used are in¬ 
stalled at the intermediate stations and 
are provided with quick reinsertion pro¬ 
tective equipment since series capacitors 
used in this manner are more effective for 
increasing the power limit for a given 
capacitor reactive kilovolt-ampere than 
are capacitors which are used in the mid¬ 
dle of a line section and which are not 
provided with the aforementioned pro¬ 
tective equipment. Per-cent series com¬ 
pensation is taken here to mean the per¬ 
cent compensation of the reactance of the 
line; that is, for a 600-mile double-circuit 
line with 0.8-ohm reactance per mile, 75- 
per-cent compensation distributed in five 
intermediate stations corresponds to 


v, = 


600X0.8X0.75 


= 36 ohms per phase per 


2X5 

station or 0.18 per unit on a kilovolt- 
amoere base of 5 (kv*) 2 
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Figure $. 


Lin 


e: 


System studied, where D = length of line in miles, n = number of circuits in parallel, 
and m = number of equally spaced switching stations 

800,000-circular mil copper equivalent (r/x = 0.1) 
r = 0.08 ohm per mile 
x~0.8 ohm per mile 

Power factor at receiving end =1.0 
Fault clearing time =0.05 second 
Series capacitor reinsertion time = 0.05 second 
Base kilovolt-amperes = 2.5(n)kv 2 


y = 5.2 micromhos per mile 
f = 60 cycles per second 


Sending end: 
_ 0 . 3 

X * P 8 

H g = 3 8 5P, 


Generator kilovolt-amperes assumed equal 
to kilowatt output at stability limit (P s ) 


Receiving end: 
Part A-xm = 0.25 
H m = co 

h D ^ 0.25 

Part B — Xm =—-— 


Hm = 


CO 


Cost Data (287 lev): 

Single circuit steel tower line = $50,000 per mile 
Double circuit steel tower line = $75,000 per mile 
Circuit breakers = $200,000 per circuit breaker position 
Receiving-end compensation = $10 per reactive kilovolt-ampere 
Series capacitor = $10 per reactive kilovolt-ampere 

Losses = $150 per kilowatt + $0,004 per kilowatt-hour (50-per-cent load factor) 
Annual charge = 12.5 per cent 


Intermediate Switching Stations 
Without Series Compensation 

Previous studies 1 ?have shown the 
desirability of using intermediate switch¬ 
ing stations every 100 to 150 miles to in¬ 
crease the stability limit of transmission 


lines 200 to GOO miles in length and for 
two, three, or four parallel circuits. This 
study has extended the previous work to 
include lines from 10 to 600 miles in 
length for the assumptions shown in 
Figure 2. 

Figure 3 shows how intermediate 


switching stations increase the transient 
stability limit (based on assumptions of 
Part A, Figure 2, which correspond to a 
fixed receiving system) for two parallel 
circuits without series compensation and 
for transmission-line lengths of 10, 25, 50, 
100, 300, and 600 miles. The effect of 
distance on power received at the tran¬ 
sient stability limit for two parallel circuits 
without compensation is given for zero, 
two, five, and infinite number of switching 
stations on Figure 4(A). An infinite 
number of switching stations corresponds 
to clearing a fault without increasing the 
system impedance. For zero switching 
stations, the power received at the stabil¬ 
ity limit is about 16 times greater at 10 
miles than at 300 miles and the maximum 
line length for stable power transfer under 
transient conditions is about 300 miles. 
With two stations, power can be trans¬ 
ferred about 400 miles; and with five 
stations the maximum distance for stable 
power transfer without series compensa¬ 
tion is approximately 550 miles. For an 
infinite number of switching stations, the 
power received is about eight times as 
great at 10 miles as it is at 600 miles. The 
stability limits presented here are for a 
system where all of the generation is 
transmitted over the entire distance. If 
some of the generation were used to sup¬ 
ply local loads or if there were connections 
to intermediate loads or systems, 1 the 
stability limits would be increased since 
for such conditions the sending-end gener¬ 
ator and transformer would have a larger 
rating than without the local or inter¬ 
mediate load and would have a smaller 
reactance. 

Figure 4(B) shows the effect of dis- 


Figurc 3. Effect of equally 
spaced intermediate switch¬ 
ing stations on transient 
stability limit for two paral¬ 
lel circuits with zero series 
compensation. Based on 
assumptions of Figure 2, 
Part A 
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Figure 4(A)„ 
Effect of distance 
on power re¬ 
ceived at transi¬ 
ent stability limit 
for two parallel 
circuits with zero, 
two, five, and in¬ 
finite number of 
switching sta¬ 
tions and with 
zero series com¬ 
pensation. Based 
on assumptions 
of Figure 2, Part 
A 


0 100 200 300 400 500 600 

LENGTH OF CIRCUIT (MILES) 

NOTES: 

a. The curve for « number of switching stations also shows the stability limit per circuit for 
an oo number of parallel lines with any number of intermediate switching stations if the unit for 

the ordinates is 2.5 kv 2 

b. Six-hundred-mile line unstable for five or less stations, 450-mile line unstabfe for two or 

less stations, and 350-mile line unstable for zero stations 




LENGTH of CIRCUIT (MILES) 

Figure 4(B). Effect of distance on power received at transient stability limit for two parallel 
circuits with zero, two, five, and infinite number of switching stations and with zero series com¬ 
pensation. Based on assumptions of Figure 2, Part B 

NOTE: See Note a. Figure 4(A) 


tance on power received at the stability 
limit for the assumptions of Part B, 
Figure 2, which correspond to a receiving 
system that increases in size as the sta¬ 
bility limit of the system increases. The 
assumptions for Part A and Part B, 
Figure 2, are equivalent when the sta¬ 
bility limit ( P s ) is unity. Figure 4(B) 
shows only the stability limits which are 
greater than unity. 

Figure 5 shows a comparison of power 
received at the stability limit for the two 


assumed receiving-end reactances (x m ~ 
0.25 and x m = 0.25/P s ) and for zero and 
infinite intermediate switching stations. 
At the shorter distances where P 5 >1.0, 
the stability limit is considerably greater 
for x m = 0.25/P s than for x m — 0.25. For 
example at 25 miles and zero switching 
stations the stability limits have a ratio of 
2-to-l for the assumed receiving-end re¬ 
actances. This may be attributed to the 
relatively large percentage of the total 
system impedance that is concentrated 


in the receiving end under the assumption 

f 

that x m — 0.25. 

The effect of number of parallel circuits 
on the transient stability limit is demon¬ 
strated for a 25-mile line on Figure 6 
which shows that for a fixed receiving-end 
reactance the transient stability limit per 

circuit is increased from 2.8 to 3.75 as the 

• * 

number of parallel circuits is increased 
from two to six. The maximum possible 

A' 

stability limit per circuit for an infinite 
number of circuits in parallel is 4.0 at 25 
miles. The curve labeled “infinite num¬ 
ber of switching stations” on Figures 4(A) 
and 4(B) can also be interpreted, as in¬ 
dicated in the figure caption, to mean the 
power received per circuit for an infinite 
number of parallel lines, regardless of the 
number of the intermediate switching 
stations. Hence, the maximum benefit, 
on a per circuit basis, to be gained from a 
stability standpoint by paralleling any 
number of circuits up to 600 miles is given 
on Figures 4(A) and 4(B). 

Figure 7(A) shows the effect of inter¬ 
mediate stations on the cost of transmit¬ 
ting electric energy for two parallel cir¬ 
cuits operated at 287 kv and for a fixed 
receiving-end reactance. The economic 
comparisons employ the cost assumptions 
on Figure 2 and exclude the cost of step- 
up and step-down transformers. For a 
300-mile circuit the economic number of 
intermediate switching stations appears to 
be five. For the 100-mile circuit, the 
economic number of switching stations is 
one, and for the shorter lines, 50, 25, or 10 
miles in length, intermediate switching 
stations can not be justified from an 
economic standpoint. Figure 7(B) shows 
similar results for the same system as 
Figure 7(A) but for a receiving-end react¬ 
ance (Figure 2, Part B) that decreases as 
the stability limit increases. It is in¬ 
teresting to note that the economic num¬ 
ber of switching stations for a given dis¬ 
tance is essentially independent of the re¬ 
ceiving-end reactances considered in this 
paper. 

Figure 8 shows the cost of electric en¬ 
ergy received as a function of the number 
of circuits in parallel for a 25-mile line. 
These results show that as the number of 
parallel circuits increases, the cost of 
electric energy also increases slightly. 
This at first appears to be irrational; 
however, it must be noted that the energy 
costs were calculated on the basis of the 
power received at the stability limit and 
hence the conclusion to draw from Figure 
8 is that the line has been loaded beyond 
the economic limit (loading limited by 
real and reactive losses) and that for more 
than two 25-mile lines in parallel, sta¬ 
bility is not a limiting factor. 
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Intermediate Switching Stations 
with Series Compensation 


he use of series capacitors to increase 
the stability limit of transmission lines 
has received considerable study. 6 -Mo,n 
Several installations 7 " 11—14 arc in opera- 
tion and others are being contemplated. 
With the development of protective 
means which are capable of reinserting 
the capacitors quickly after system faults 
it is practical to place the capacitors be¬ 
tween the bus sections.of the intermediate 
stations where they can be used in the 
most economic manner. Consideration is 
given here to the effect of series com¬ 
pensation on the stability limit of lines 
300 to 600 miles in length and the result- 
ing increase in power transfer at the sta¬ 
bility limit is evaluated economically. 

Figures 9(A) and 9(B) show the ef¬ 
fect of intermediate switching stations on 
tlie transient stability limits for two paral¬ 
lel circuits with 50- and 75-per-cent series 
compensation respectively and based on 
the assumptions of Part A, Figure 2, 
which correspond to fixed receiving-end 
reactance* Figure 9(A) shows that with 
50-per-cent compensation, two parallel 
600-mile circuits must have at least four 
intermediate switching stations to trans¬ 
mit power stably. Figure 9(B) shows that 
this same system compensated for 75 per 
cent of its series reactance must have at 
east three stations for the stable trans¬ 


mission of power. Figure 9(C) shows the 
efFect of intermediate switching stations 
on the transient stability limit for six 
parallel circuits 600 miles in length. With 
zero compensation the six parallel circuits 
are unstable for less than two switching 
stations. With three switching stations, 

e . ^00-mile 6-parallel circuit system 
which is compensated for 75 per cent of its 
series reactance transmits about three 
times as much power as the uncompen¬ 
sated system. It is interesting to note 
that the stability limit per circuit is about 
1.75 times as great for the 6-circuit case 
as for the 2-circuit case. 

These same results are illustrated in a 
different manner on Figure 10 which 
shows the effect of series compensation on 
power received at the stability limit for 


typical transmission systems. It is 
shown here that for the 2-parallel circuit 
300-mile line with five stations the sta¬ 
bility limit is doubled by increasing the 
series compensation from zero to 75 per 
cent. For two parallel, 600 mile circuits 
with five switching stations and 75 per 
cent compensation, the power received at 
the stability limit is approximately 0.82 
surge impedance loading, whereas with 
zero compensation the circuit is unstable. 
For the 600-mile 6-parallel circuit line 
with three switching stations, the power 
is increased about 2.5 times by using 75- 
per-cent compensation. 

The economic aspects (excluding costs 
of step-up and step-down transformers) 
of using various numbers of switching 
stations and different degrees of series 
compensation are illustrated in Figures 11 
and 12. Figure 11(A) shows the effect of 
intermediate stations on the transmission 
costs (excluding transformers) of electric 
energy received for two parallel circuits 
300 miles long on a 287-kv system. The 
most economic system arrangement is 
shown to be four intermediate switching 
stations with 50-per-cent series compensa¬ 
tion although an arrangement with three 
intermediate stations and 75-per-cent 
compensation is nearly as effective. 
Figure 11(B) shows the transmission costs 
(excluding transformers) of electric en¬ 
ergy received for two parallel, 600-mile 
circuits on a 287-kv system. Here it is 
seen that the system with five switching 
stations and 75-per-cent compensation is 
most economic. Figure 11(C) shows the 
transmission costs of electric energy re¬ 
ceived on a 287-kv system for six parallel 
circuits and 600 miles in length. The 
most economic arrangement for this sys¬ 
tem is three intermediate switching sta¬ 
tions with 75-per-cent compensation. 

The cost of transmitting electric energy 
(excluding transformer costs) as a func¬ 
tion of the per-cent series compensation 
is given for three typical system con¬ 
figurations on Figure 12. For 600-mile 


Table II 



Length 
of Line, 
Miles 


Number of 
Parallel 
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Per-cent 

Series 

Compensation 


Economic 
Number of 
Equally Spaced 
Intermediate 
Switching 
Stations 


Spacing of 
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Miles 


50 or less 
100 ... 

300... 

300... 

300.. . 

600.. . 

600... 

600... 

600... 


Circuit 

Configuration 

Giving 

Representative 
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Power Limit 


. 2 ... 
. 2 ... 
. 2 ... 
. 2 . . . 

. 2 . . . 

. 2 . . . 

. 2 . . . 

. 6 . . . 

. 6 ... 


.. 0 .. . 
.. 0 .. . 
.. 0 .. . 
. .50. . . 
..75... 
. .50. .. 
-.75... 
. . 0 ... 
..75... 


.0. 

.1. 

.5. 

.4. 

.3. .. .. 

More than 5 
.5. 


. 50. 

.. 50 

. 60. 

. 75 

. . Less than 100 

. 100 __ 

.100 

.150. 
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ELECTRIC ENERGY TRANSMISSION COSTS ELECTRIC ENERGY TRANSMISSION COSTS 3 RECEIVING (Pr) AND SENDING_(Ps) POWER 

(MILLS PER KW-HR RECEIVED) (MILLS PER KW-HR RECEIVED) | (PER UNIT OF (2.5) KV ) 



6. Effect of number of parallel circuits on transient stability limit per circuit for 25-mile 

line. Based on assumptions of Figure 2, Part A 



NUMBER OF INTERMEDIATE STATIONS (m) 



lines with two or six parallel circuits and 
five and three intermediate switching sta¬ 
tions, 75-per-cent series compensation is 
most economic. However, for the 300- 
mile line with two parallel circuits and five 
intermediate switching stations, 50-per¬ 
cent series compensation gives the most 
economic system design. Additional 
economic benefits might be realized if 
larger conductors were used on the series- 
compensated lines. 

Representative Economic Power 
Limits 

By representative economic power 
limit is meant the power received at the 
maximum stability limit which can be 
justified economically from a considera¬ 
tion of the cost of transmission line, 
switching stations, compensation, and 
real and reactive line losses. The repre¬ 
sentative power limit of a transmission 
line is a function of line length and re¬ 
ceiving-system reactance. As shown in 
Figures 7(A) and 7(B), the circuit con¬ 
figuration (number of switching stations 
and per-cent series compensation) which 
gives the representative economic power 
limit for a particular distance is essen¬ 
tially independent of the range of receiv¬ 
ing-end reactances [x m = 0.25 to x m = 
0.25/(P s ) ] considered in this study. The 
representative economic power limits are 
shown in Figure 1 as a function of line 
length for the range of receiving-end re¬ 
actances considered. The point symbols 
(X, A, □, and O) shown on these curves 
indicate the corresponding system con¬ 
figuration as designated in the caption 
of Figure 1. 

In general, the economic number of 
switching stations for a given length line 
decreases as the series compensation and/ 
or the number of parallelcircuitsincreases, 
as illustrated in Table II. Also, for a 
given distance, as the number of inter¬ 
mediate switching stations increases the 
economic per cent of series compensation 
decreases. 


Figure 7(A) (center). Effect of equally spaced 
intermediate switching stations on electric 
energy transmission costs (excluding step-up 
and step-down transformers) for two parallel 
287-kv circuits with zero series compensation. 

Based on assumptions of Figure 2, Part A 


Figure 7(B) (left). Effect of equally spaced 
intermediate switching stations on electric 
energy transmission costs (excluding step-up 
and step-down transformers) for two parallel 
287-kv circuits with zero series compensation. 

Based on assumptions of Figure 2, Part B 


714 


Saline—Power Limits of Transmission Lines 


August 1952 








V WL. 

~ O 

tz <A 

c 

S .2 

«/» 

a 

£ 

A 2 

</» (A 

c <0 

•a „ 


■manes 

leMBaaeaei 

bbhbhhH 



HBSIPBmSH 

■—M—Sl 






jzA* o s jo iiNn d 3 d) 

y3MOd 1 d > 9NI0N3S ONV («*d) 9NIAI303U 


o “ 


*1 A 

o 

Do ‘5 
c <0 

■Z tn 
JBZ C 
U W 

.t a 

* E 

o ^ 

w o <. 

***—* v ay 

“O ’= f£ 
wo 

§ r <*' 

w e w 

« A) i. 
c t3 3 
■“ « Or» 

*U «>C 
O Q. 

S »r, 

CL t- 

VI 

»C 

>s .-*2 

= * 

<o 

3 *2 

rr -t£ 

« 3 

«-k- .z 

O o 

u 3 
*fc*2 

LU <0 

a 

X g 

QQ i 

* 

O* l. 

o 

O vt 

3 .t 

.2? E 

u. z= 




I—i—!—■ 

■MHni 

pminSi 

■mm 


a: 

°<2 
UiXO 

s<*? 

feS“ 

Z-'CI 
3 




>. “O 

.z w 

— w 

*2» <d 

JO CD 
<0 


C 

c o 
o 

’«» <0 
C «* 

V *= 
j; W 

~ CL 
c E 
o o 
o 

(A 

C w 

o .2 

**»•* 

m o 

-3 «> 

°? § < 

c u 

*•- T **-• 

_ IP" i Ika 

u w * 

.t; o. Q- 

« JJ' <N 
r*** 

w 2 
" “D t 
<o c SL 

•« r oi 

“0 *o ,— 
o « u - 

§ w ° 

•2 N £ 

#• S-tt 

„E jc o 

«*•* .z 

“o i a 

W c* 
M M C 

W JS 2 

a “ s 

m» g «q 


( 2 AM SI JO IiNn H3d) 
y3M °d ( S d) 9NI0N3S ONV ( w d) 0NIAI303y 


^ u 
g — 
o w 
it = 

LU <0 


U .2 

W VI 

Os b. 

o 

W UZ 
3 .tS 

.2? E 


i'P 

e Hi 


^ QC 
LU 
QQ 
5 
D 
Z 


(Q3AI303d HH-MN d3d STIIW) 
SiSOO NOISSIWSNVdl A9U3N3 0ldl0313 


»w 

C 04 

TJ o 
3 3 

*73 or> 

X lT 

-i3 £ 

5? «= 

8 A 

c a 

.2 E 

m 3 
W» (A 

“Z « 
£ «>, 
VI c 

i ° 

<w *XJ 
S* W 

£ <A 
<0 

5 m 

c 

w . 
»» o 


O s. 

A £ 

o • 

O <N 
42 w 

3 c 
n C 

-n 


- 2.0 


iq 52 

a w 

s*- E 

O Jr 

h. 

At <A 

-O J= 

E »u 

Jts 

3 — 

r» t- 

u. J 
O O 
U "D 

•w I 

w a 
k*i o 

vC <w 

LU «* 
*tJ 
C 

» l 

s ? 
SL o* 
-S? o 



cc 
ozcn 
u-<z 
uio 


■mm 

■pd 

mmm 


—hmEb 


|2<2t; 

g“.v 



HBEBMmm 

fcWWM Mi 

■■nm 

■iubB 



(,a>! os jo iiNn a3d) 

a3M0d (*d) 9NI0N3S ONV t u d) 9NIAI303N 


y v*. 

g O 

“ VI 

S § 
*«— 
tn 

a 

'"•rf (M 

c c 

W 3 

• X (A 
VI (/» 

C <0 

2 c 

o 

O “O 
w 

M 

C IQ 

o QQ 


p ^ 
u < 


<0 M OJ 

w t 
“0 -c r? 
w 5 a - 

S ^ <N 

2 = w 
e w *- 
.= U 3 

£ 0 > 

■» «E 

u 9- 

S O 

o.« 

m£i 

>. 3 

*«o ^ 

3 «* 

cr .zs 

« 3 

- 2 

o 

8 5 

J*S 

ill I jZ 
IQ 

a 

rj o 

< * 

__ 

o i— 

, o 
w w - 

3 - 

.2? E 


AUGUST 1952 


Saline Power Limits of Transmission Lines 


715 















ro w — 00>CDr--<o»n<tf'rocM — O 


in 


£ 


(/> 

z 

o 

I- 

< 

h- 

cn 


m 

5 


Q 

UJ 


ro 2 
Q: 
uj 
H 


o 

cvi or 

UJ 

CD 

2 

3 

Z 


O 


(Q3AI303d UH-M* d3d S11IW) 
S1SOO NOISSIWSNVUJL A9d3N3 9ld±0313 



in 




ro 


<u 


O 


CJ — O CD CO h-tO ID ^ fOCvJ — O 


(CI3Al303d UH-AA* d3d SHIN) 
S1SOO NOISSIWSNVdl A9d3N3 9ldJL03“13 



( 3 A>i (U) 9’3 JO UNfl d3d) 

JLIWI1 A1I1I9V1S 3HA IV G3AI303d d3M0d 


•* (A 

O to 

it 5 

yj «« 


fM «M fc-* 

o ” ° 


- E 


“O 

£ - 

> E 


* "O 

n w 
O ca 

U <0 

CD 


U 

6 » 


O 61 J 

,p " V 2? 
fe c 

*» a a 5 ~ 

= E £ 15 

.2?o o <2 

U« O U CL m 


— — ... — 3 

C O to "• O 

a% *rr u >- 


>. O 
.t 15 33 


Ul 

c 

o 


<0 _ 

o 2 

■mi •• 

CL 3 

«** Vk* 


o 

.< 

g I 

Cl 

g- 

E <N 

2 2 
<A is 
<0 3 

on 


Lu 


«L 

C/> 

a-* 

C 

O 

O 

u_ 





N 

C 

£ 

'u 

'D 

•u 

(A 

L_ 

O 

-j > 

O 

O 

12 

> 

CiJ 

<0 

to 

c 

o 

fO 

_D 

u 


u, 

ce 

»D 

Q. 

lL5 

I— 

0 

it) 

a 

■i—l 

CO 

C 

E 

0 

0 

s. 

-C 

3 

U 

U 

z 

> 

-w 

5 




O *“ “tf 

*z E £ 

g o g 

^ O «» 
C _JT 

O 6) 5 
<a ss 0 
c id 
o t -D 
« 2 <» 
„ <3 

«» 9 DQ 
on > 
c 

mmm *M • 

_C O c 

o **• o 


£ 2 
M 0> 

6) E 

** V. 

ID O 
*~ u. 

TJ «#» 

Q) c 

E 2 

6> C 

c £ 
— o 

U u 

to V 
u a 

<0 u 

S--S 

13 <0 

cr 3 
° A 

u_ U. 

0 to 

<*# "tfl 

5 2 ? 

its 

LLi -5 
3 


V x 
£ w 
O w 

$i 43 

jO « j 

w 0 ~ 
u ‘Z 

< = 

^ o 42 

<a •= 

^.£ o 

£ E .i= 

S « ° 

.2? S 

u. t 


IA 

c 

a 

E _ 
o < 
u ^ 

(A ^ 

.2 <2 
In 

ft) ■* 

S» Ol 

<M 6) 

C »- 
to => 
u on 

A UL 

o 

a 

i 

in 


“0 

c 

ID 


o 

in 

Si 

I 

o 

to 

N 


U « 

■z £ 
to o 

to —* 

6 > 

c — 

0 ID 

Im 

v> 2 

s a 

.2 o 

% * 

•» - 


no 

c 


(A 


je * 
u to 

■w r* 

*r e 

3r s- 

M O 

to £ 

<w K» 

.!E 2 
"O ** 
to c 

E £ 

^ “8 

c A 

— CL 
TD ii 

^ (A 

U <T| 
ID 

a- s 

> §■ 
~ i 

2 a 
B. w 

gr« 

on 

^ .s 

t3 ■» 

to 

it — 
LU ^ 

<D 


<A 

c 

.2 

"•S 

a 

E 

3 

w 

<A 

ID 

C 

o 

no 

6) 

«A 

ID 

OQ 


C 

.2 

33 

s 

c 

t» 

a 

E 

o ^ 
u < 

(A 41 
6) ^ 

• — *0 

to £L 
M s 

S s 

U 3 

A cn 

rr 

a u “ 

a 

in 


no 

- c 

3 ID 

° 6 
in 


> 


/s 42 "£ 

a «* -z 

2 8 J 
«A 

^ C .t 
JC 0 3 

on-5 o 

■r <A •— 
w ■- U 

^■n £ > 

DQ c Jfi 

W 3 i 

^r- ^ f-. 
t- 00 

to >; cs 

1m a> 

= S -2 
.2? c ■= 
• < E 



in 


ro 


04 


716 


Saline—Power Limits of Transmission Lines 


August 1952 


NUMBER OF INTERMEDIATE STATIONS (m) NUMBER OF INTERMEDIATE STATIONS (m) 








Figure 12. Effect of per-cent 
series compensation on elec¬ 
tric energy transmission costs 
(excluding step-up and step- 
down transformers) for typical 
287-kv system configurations. 
Based on assumptions of Figure 
2, Part A 
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Di 


iscussion 


WilhMi R. Brownlee (Southern Service 
Inc., Birmingham, Ala.): This analysis , 
the power limits of transmission lines is mo 
imely because of the mounting interest i 
higher voltage transmission, especially tl 
superposition of such higher voltages o 
existing - transmission networks 

The element of timing has been omitte 
by the author m order to make a justifiabl 
simplification of his basic results. Howevei 
the vital importance of this time elemen 
scarcely can be overemphasized in economi 
studies of various high-voltage systems 
1 °5 1 exa . mple> consider a situation where j 
iln . e 1S re( l u ired between two point 
which are in the path of a future 287-kv line 

T J oT^. b< ; better t0 construct this part o 
the 287-kv line immediately and operate ii 
at 1.15 kv for the intervening years on th< 
basis that the 115-kv line, if built, woulc 
have httle value following the completion oi 
the 287-kv line? If the intervening period 
is as much as 5 or 6 years, it may be less 
costly (in terms of present worth of future 
carrying charges) to build the 115-kv line 
initially, even if it were considered worthless 
upon completion of the 287-kv line. 

In the more representative areas of the 
United States, the intermediate .switching 
stations are even more valuable than is in¬ 
dicated by the author’s study, since they 
also provide convenient and economical 
locations for supplying intermediate load 
centers. 

Stability limits of lines are of vital im¬ 
portance, since economical transmission at 
Higher voltages depends so greatly on rela¬ 
tively heavy line loading. This is also true 
to a lesser extent in the case of medium 
voltage lines of larger conductors. Ac¬ 
cordingly, in analyzing a proposed high volt¬ 
age superposition on an existing network, 
comparisons should be based on economic 
loading of each system rather than on load 
limits for lines of the existing voltage based 


on “experience.” Analyses show that many 
o _ t . he . se tower limiting values had their 
origin in system separations classed as “out 
o step, whereas the cascading of line out¬ 
ages actually was caused by the inability of 
relay schemes (and settings) on the un- 
iaulted lines to distinguish between swing 
current and fault current. Engineers en¬ 
gaged in systern planning should maintain 
close contact with operating engineers to 
assure that the full economies of high- 
voltage lines are realized. 


E. E. George (Ebasco Services Inc., New 
ork, N. Y.): Intermediate switching sta¬ 
tions may be justified for reasons not covered 
y the author. One of the most common 
reasons is to connect with other power sta¬ 
tions or major substations in an existing 
system. Long-distance straightaway bulk 
transmission is seldom required in this 
country. 

Another point of interest concerns some 
o e author s charts on transmission cost, 
t appears that for all of the most econom¬ 
ically attractive voltages, loads, and dis¬ 
tances considered, the transmission cost is 
about 1 mil per kilowatt-hour per 100 miles. 
Apparently all the author’s figures are for 
oO-per-cent load factor. Even if his costs are 
too high or too low, this constant unit trans¬ 
mission cost is sufficient to afford a con¬ 
venient basis for preliminary study of long¬ 
distance transmission. It indicates that 
power cannot be transmitted economically 
to any great distance where fuel is cheap. 
In natural gas areas it may not pay to trans¬ 
mit hydro power to the nearest market under 
the usual conditions of stream flow and 
system load factor. In regions where fuel 
cost is very high, it may be justifiable to 

transmit hydro power several hundred 
miles. 


G. D. Floyd (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario 
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Canada); 1 wish to raise two points cover¬ 
ing this paper. These two points detract in 
no way from the value of the paper, which I 
consider is very timely and contains a great 
deal of useful information. 

The first point has to do with the criterion 
for stability in a high-voltage system. In 
the studies described by the author, the 
power limit was determined by placing 3- 
phase faults at one of the generator busses. 

I suggest that this criterion is more severe 
than should be applied to a modern 3-phase 
power system, especially when the system 
is 230 kv or higher voltage. These high- 
voltage systems have been developed to the 
point where faults of this nature are ex¬ 
tremely rare. . It seems to me that the cri¬ 
terion for stability should be reviewed in the 
light of present-day design and a less severe 
criterion be established. I suggest that, if 
it is found compatible with good design to 
use as the yardstick a less severe fault con¬ 
dition, very appreciable savings will result. 

It may be that the incidence of lightning 
outages would dictate whether or not the 
present criterion or the new one would be 
the one to use in any given study. Due to 
circumstances beyond our control, it has 
been necessary on one of our 230-kv systems 
to operate the system during the last 2 
years very close to the static stability limit. 
This system is designed for transmission of 
approximately 600 megawatts and the 
transmission design was a conventional one, 
using interswitching stations where required 
and limiting the loading per circuit to ap¬ 
proximately the surge impedance loading. 
Our experience, while operating this system 
at close to the static stability limit, has been 
so good that it suggested a possibility of 
making this a normal method of operation. 

It does require more vigilance on the part of 
the operating staff. It has been found that 
close attention to the performance of the 
system, while operating at large load angles, 
permitted this method of operation. The 
first indication of approaching instability is 
a periodic variation in voltage which can be 




-observed. We also have used a load angle 
indicator to give a continual indication of 
the total angle, including the generator in¬ 
ternal angle. Where the incidence of light¬ 
ning is not too severe and during a large 
part of the year when there are no line 
faults due to lightning, it seems quite per¬ 
missible to operate a system in this way. 

The second point questions some of the 
cost data shown in Figure 2 of the paper. 
My understanding of Figure 2 is that the 
author used only a single high-voltage cir¬ 
cuit breaker per line for the system study. 
A system handling the powers given in the 
study would require for service security a 
more complex switching arrangement than 
shown. This would, of course, affect the 
economic picture. Some of the unit costs 
appear to be unrealistic. As an example, the 
cost of $10 per kilovar for the receiving-end 
compensation is lower than present-day 
costs for the installed cost of synchronous 
condensers. The unit costs for single-circuit 
and double-circuit steel tower lines, if these 
are of conventional design, are lower than 
present-day costs. The conclusions arrived 
at may therefore be out of line. In question¬ 
ing these costs, it is only to be pointed out 
that the economic comparisons derived there¬ 
from may not apply in all cases. The value 
of the analysis, however, is still very high as 
it points out the methods which can be used 
in making such an analysis. Anyone inter¬ 
ested can use the methods and substitute his 
own known costs, deriving from his analysis 
the proper conclusion to be drawn for the 
case which he is studying. 


H. P. St. Clair (American Gas and Electric 
Service Corporation, New York, N. Y.): 
In carrying out this very extensive trans¬ 
mission study the author has held to a single 
criterion of power limit, namely, the maxi¬ 
mum stability limit. The results described 
are interesting and valuable and certainly 
for the longer lines studied the limits ob¬ 
tained are entirely practical and could be 
approached in service, allowing for some 
margin of safety below the theoretical limit. 

On the other hand, when shorter lines are 
considered, such as 100 miles and below, it 
does not seem at all correct to define power 
limits of transmission lines solely in terms of 
the maximum stability limit. For these 
shorter lines there are other limits such as 
thermal capacity of conductors and reactive 
losses. Theoretically, these limitations can 
be taken care of by using larger conductors 
and installing reactive correction, but there 
are some reasonable and practical limitations 
to both of these remedies. 

Specifically, it seems to me that the 
author’s Figure 1, which summarizes his en¬ 
tire conclusions, can be very misleading be¬ 
cause of his strict adherence to the single 
criterion of maximum stability limit. There 
is no recognition of any other practical 
limitations for the shorter distances, 100 
miles and below, although the author does 
refer briefly to such limitations in other parts 
of the paper. 

As an example, under the assumption of 
one-line section out of service, the 100-mile 
line with two circuits and one intermediate 
switching station would have a limit, ac¬ 
cording to Figure 1, of 720 megawatts at 
287 kv, and all of this, representing a cur¬ 
rent of 1,450 amperes, would have to be 


carried over the remaining 50-mile single¬ 
circuit section. While the assumed con¬ 
ductor of 800,000-circular-mil copper equiv¬ 
alent might carry this current for a short 
time at least, the reactive loss represented 
by 3.5 times surge-impedance loading in the 
50-mile single-circuit section would be 
quite high, about 235,000 kilovars, or a total 
loss for the entire line of 350,000 kilovars. 

Referring again to Figure 1 of the paper, 
the power limit for a 50-mile line on the 
basis of one of two parallel circuits out of 
service is given as 1,030,000 kw at 287, kv 
which represents a current of 2,070 am¬ 
peres. This current is well beyond the 
thermal capacity of 800,000-circular-mil 
copper equivalent and the reactive loss in 
this case would be approximately 500,000 
kilovars which is a large loss for a 50-mile 
line. 

Although the author’s Figure 1 is labelled 
“Representative Economic Power Limits for 
Transmission Circuits,” it is not my under¬ 
standing that either the conductor require¬ 
ments or the cost of this excessive correction 
were included in the analysis. 

Practical limitations of this character 
were taken into account in setting up the 
basic capability figures for the economic 
study which E. L. Peterson and I carried 
out. 1 

From practical considerations, it might 
be in order also to question the author’s con¬ 
clusions in regard to economics of inter¬ 
mediate switching stations, particularly for 
parallel lines as short as 60 miles. Figure 
7(A) of the paper, for example, shows only a 
slightly greater economy resulting from the 
use of one switching station in two parallel 
100-tnile circuits. Aside from practical 
limitations of conductor size and reactive 
losses, even the small economy indicated in 
Figure 7(A) would disappear completely if 
and when one or more circuits were added to 
such a line. In the studies described by 
St. Clair and Peterson, 1 the number of 
switching stations assumed was held some¬ 
what below the point of maximum economy 
in the expectation that circuits will be ad¬ 
ded in the course of normal system growth. 

Also I would be inclined to question the 
practical wisdom of intermediate switching 
stations every 60 miles on a 300-mile 2-cir¬ 
cuit line. Even with 50-per-cent series com¬ 
pensation, the increased economy of going 
from three to four intermediate stations 
would seem to be relatively small, and again 
would be lost entirely if a third circuit were 
added. 

Finally, I wish to commend the author 
for carrying out such an exhaustive study 
and for presenting the results in compact 
form in this paper. At the same time, I be¬ 
lieve the value of the paper would have been 
considerably enhanced if the theoretical 
power limit curves shown in Figure 1 of the 
paper had been supplemented by similar 
curves showing practical limits, taking into 
account the limitations for shorter lines and 
including some reasonable margin of safety 
for all of the other lines. 

Reference 

1 . See reference 5 of the paper. 


Lindon E. Saline: The discussors have 
brought out several interesting points which 
require only brief comments. 


Mr. Brownlee has properly re-empha¬ 
sized the importance of considering “tifne” 
as a factor in economic studies. Basically 
the problem is that of evaluating how much 
excess capacity can be provided during the 
period of load growth in order to obtain the 
economic benefits realizable with high Volt¬ 
ages (and heavier line loadings) after the 
ultimate line loading is reached. Certain 
investments such as additional lines, switch¬ 
ing stations, or series compensation for the 
longer lines can be deferred, a*nd these pos¬ 
sible steps in building a high-voltage system 
can and should be evaluated before selecting 
the level of a high-voltage system. Such an 
evaluation along with other practical con¬ 
siderations can serve as a useful guide in 
power system planning. 

Mr. Brownlee and Mr. George have men¬ 
tioned the value of intermediate switching 
stations as points to tap off intermediate 
loads or to interconnect with other power 
systems. Hence, in addition to increasing 
the economic line loading for straightaway 
distances greater than about 60 miles, inter¬ 
mediate switching stations may be con¬ 
sidered as necessary in over-all system plan¬ 
ning as load centers or points of intercon¬ 
nection. Other benefits of connecting with 
intermediate systems are given in reference 
1 of the paper. 

Mr. Floyd has questioned the use of a 3- 
phase fault on the generator bus as a transi¬ 
ent stability criterion and he has suggested 
that additional economies might be realized 
by using a less severe fault condition. How¬ 
ever, for quick switching times the transient 
stability limit is determined primarily by 
the change in impedance resulting from 
switching a line section rather than by the 
type or location of the fault. The effect of 
various fault conditions on the transient 
stability limits of typical systems is “Power 
System Stability-Volume II.” 1 The loca¬ 
tion and type of fault for the systems shown 
in this reference are relatively unimportant 
in determining the transient stability limit 
of the system for quick switching times. As 
the inertia of the systems increases, the 
location and type of fault for quick switch¬ 
ing become even less significant. Hence, for 
the system and quick switching times (/- 
0.05 second) studied in this paper, the in¬ 
crease in transient stability limit would be 
inconsequential if, for example, a line-to- 
ground fault were used rather than a 3-phase 
fault. 

With regard to the arrangement of the 
switching stations the author agrees with 
Mr. Floyd that more circuit breakers are 
usually required to give the necessary “serv¬ 
ice security.” If it is deemed advisable to 
use more switching stations, the economic 
studies can be modified to include the ad¬ 
ditional costs and the results would tend to 
be less favorable (but only in small degree) 
toward the use of intermediate switching 
stations. The line costs could also be modi¬ 
fied as desired to show the effect of increased 
line costs as proposed by Mr. Floyd. In 
general, reasonable variations in the as¬ 
sumed costs would not affect the basic con¬ 
clusions to any marked degree. The large 
expenditures of money involved in the design 
and building of transmission systems war¬ 
rant individual consideration and study 
which includes the cost assumptions and cir¬ 
cumstances applicable to each particular 
case. The intent of the present study is to 
indicate certain general trends in transmis- 
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Figure 1. Com¬ 
parison of repre¬ 
sentative power 
limit with the 
load correspond¬ 
ing to minimum 
costs of energy 
transmission as a 
function of dis¬ 
tance for two 
parallel, high- 
voltage trans¬ 
mission circuits 
(based on cost 
data for 287-kv 
system) 


sion system design rather than to present a 
study relating to a special case. 


The comments presented by Mr. St. 
Clair are of interest and indicate the need for 
^ *no*~e detailed explanation of representa¬ 
tive economic power limit as used in Figure 
1 of the paper. As stated in the paper, “By 
representative economic power limit is 
meant the power received at the maximum 
stability limit which can be justified econom¬ 
ically from a consideration of the cost of 
transmission line, switching stations, com¬ 
pensation, and real and reactive line losses.” 
The meaning of representative economic 
power limit is further illustrated in Figure 1 
of the discussion which shows two curves: 

1. The load corresponding to the minimum 
cost of energy transmission at each distance. 

2. The representative power limit (based on 


power transferred at stability limit for the 
same system configurations as used for curve 
1 ). 

Curve 1 corresponds to the system loading 
which gives minimum costs for energy trans¬ 
mission for the same system configurations 
indicated in Figure 1 of the paper. Curve 2 
corresponds to the maximum stability limit 
of the system for the same system configura¬ 
tions as used for curve 1. Over a range of 
line lengths from 10 to 600 miles the eco¬ 
nomic loading curve is composed of the parts 
of two curves: one part (at long distances) de¬ 
termined by the transient stability limit and 
another part (at short distances) determined 
by using the load corresponding to the mini¬ 
mum cost of energy transmission. The 
economic loading curve for the illustration 
in Figure 1 of the discussion is curve 1 from 
10 to 90 miles and curve 2 from 90 to 200 


miles. For the particular conditions illus¬ 
trated here it is evident that the stability 
limit of the system is the controlling factor 
for distances greater than 90 miles, but that 
the line loading is limited by only the real 
and reactive losses at distances less than 90 
miles. 

With regard to Mr. St. Clair’s remarks 
about the decreasing economy of switching 
stations as the number of parallel circuits in¬ 
creases, the author is in full accord as stated 
in item 4 of the section in the paper entitled 
“Conclusions.” As is Mr. St. Clair’s under¬ 
standing, the author did not use the emer¬ 
gency reactive requirements to maintain 
unit voltage at the receiving end bus as a 
condition for the economic study. Included 
in the cost analysis were the reactive re¬ 
quirements for the normal operating condi¬ 
tion which is thought to be a rational condi¬ 
tion on which to base the cost studies. 

This paper does not include a study of 
conductor economics, but, as Mr. St. Clair 
points out, the line loading also might be 
limited by thermal capacity. This is par¬ 
ticularly true at short distances if the power 
transmitted over the line remaining in serv¬ 
ice during long-time emergency conditions 
is the same as the power transmitted over 
two lines during normal operation. For ex¬ 
ample, using the rather severe criterion of 
loading by thermal capacity under emer¬ 
gency conditions suggested by Mr. St. 
Clair, the maximum line loading would be 
limited to approximately 2 per unit (10 
kv 2 ). Hence, applying this criterion to the 
illustration shown in Figure 1 of the discus¬ 
sion, the loading curve would be composed of 
three parts: 

10 to 60 Miles (approximately 2 per unit as deter¬ 
mined by thermal capacity during emergency 
conditions) 

60 to 90 Miles (curve 1) 

90 to 200 Miles (curve 2) 

Limitations due to thermal capacity can be 
overcome economically in many cases by 
using larger size conductors. 


Reference 

1. Power Svstem Stability—Volume II, S. B. 
Crary. John Wiley and Sons, New York, N. Y., 
1947, pages 70-71. 


A New 14.4-Kv Indoor Compressed- 

Air Circuit Breaker 

J. E. SCHRAMECK 

MEMBER A1EE 


I N 1939—40, soon after compressed-air 
circuit breakers were first introduced 
in this country, interest in these circuit 
breakers by central station users was 
high, and it remained so. European de¬ 
signs for limited interrupting require¬ 
ments had preceded American designs. 
This was a natural outgrowth of necessity 
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dictated by the scarcity of oil and its high 
cost in Europe. The use of oil in circuit 
interrupters in this country presented no 
obstacle. Its use was efficient, improved 
interrupters had been developed, and 
American industry with a large invest¬ 
ment in tooling and know-how recognized 
that an immediate change from oil to air 


was not necessary. However, there were 
obvious advantages in the use of oilless 
circuit breakers for indoor service. Prin¬ 
cipal of these is the fire and smoke hazard 
in the case of failure in the indoor circuit 
breaker, which the operators wished to 
eliminate. American industry answered 
this demand and the indoor compressed- 
air circuit breaker became a reality. 

Much has been learned in the interven¬ 
ing years. Thousands of these circuit 

Paper 52-173, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE Tech¬ 
nical Program Committee for presentation at the 
AIEE Summer General Meeting, Minneapolis, 
Minn., June 23—27, 1952. Manuscript submitted 
March 25, 1952 j made available for printing 
April 23, 1952. 

J. E. Schrameck is with Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 
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Figure 1 (left). 
New design of 
1,500,000 - kva 
14.4-kv 2,000- 
ampere com¬ 
pressed-air circuit 
breaker 


Figure 3 (right). 
1,500,000 - kva 
arc chute with 
one side removed 



breakers have been manufactured. The 
resulting evolution has brought forth 
many significant changes in design con¬ 
cepts. The designer realized all too soon 
that previously developed ideas relating to 
the use of compressed air in air brakes, in¬ 
jectors, and the like, could not be applied 
to meet the exacting requiremen t of circuit 
breakers, unless certain changes were 
made. It was necessary to develop new 
application techniques before the com¬ 
pressed-air circuit breaker could be the 
dependable circuit interrupter that it is 
today. Rather than present the details 
of these techniques, it is the writer’s in¬ 
tent to present the end results and their 
use in a circuit breaker. 

Figure 1 shows a modern compressed- 
air circuit breaker having an interrupting 


rating of 1,500,000 kva at 14.4 kv with a 
continuous current rating of 2,000 am¬ 
peres. This circuit breaker features re¬ 
duced space requirements over the same 
design rating of 10 years ago. For in¬ 
stance, the circuit breaker width has been 
reduced from 81 inches to 62 inches. In 
the 4,000-ampere rating the width is re¬ 
duced from 81 inches to 68 inches. A re¬ 
duction of weight from approximately 
6,000 pounds to 4,200 pounds has been ob¬ 
tained. The savings in required building- 
costs is obvious. Savings in critical ma¬ 
terials also resulted. These gains were not 
made at the expense of insulation. The 
110-kv impulse level has been retained. 
Design changes in the contact members 
utilizing a greater percentage of cast 
cupaloy and new pivotal bridging mem¬ 


bers resulted in reduced pole unit width. 
Improved interrupter assemblies have 
permitted a reduction in arc chute width 
of 22 per cent, the adequacy thereof hav¬ 
ing been demonstrated by hundreds of 
high-power laboratory tests, many ex¬ 
ceeding the maximum current interrup¬ 
tion obtained 10 years ago. 

The requirements that this circuit 
breaker interrupt 72,000 amperes at 
12,000 volts and to close against its mo¬ 
mentary rating of 115,000 amperes has 
been fully demonstrated by typical high- 
power laboratory tests, oscillograms of 
which are shown in Figure 2. The oscil¬ 
logram on the left shows interruption of 
70,000, 68,000 and 78,500 rms amperes on 
phases 1, 2, and 3 respectively for a 3- 
phase initial line-to-line voltage of 13,200 
volts. The oscillogram on the right 
shows a close-open duty cycle wherein the 
circuit breaker closed 139,000, 76,000, and 
125,000, and interrupted 61,000, 58,000, 
and 60,000 mis amperes on phases 1, 2, 
and 3 respectively with an initial line-to- 
line voltage of 13,200 volts. 

The general circuit breaker arrange¬ 
ment has remained essentially unchanged. 
The high-voltage compartment is sepa¬ 
rated from the mechanism compartment, 
containing the circuit breaker control, by 
grounded metal plates as protection to 
personnel. The operating pressure at 150 
pounds per square inch and straight line 
air flow from the blast valves up to the 
arc chute have been retained. 

In the mechanism compartment new 
improved shock absorbers have been pro- 


■ /<?&$ i Vi 

1 .•... I ..... _ 1 ..,T... 


t5o cA moo 

■■sews •.'.v.'-.v a -4 





Figure 2. Typical 
oscillograms showing 
high-power labora¬ 
tory tests of closing 
and opening opera¬ 
tions on a 1,500,- 
000-kv 14.4-kv 

compressed-air cir¬ 
cuit breaker 
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Figure 4 (left). 
2,000 - ampere 
1,500,000 - kya 
pole unit 


Figure 5 (right). 
4,000 - ampere 
1,500,000 - kva 
pole unit 









vided which, working in conjunction with 
a. new mechanism, permit greater closing 
effort with less mechanical slam and re¬ 
bound on the contact members. Rebound 
of circuit-breaker contacts on opening has 
"been reduced to less than 10 per cent. The 
mechanism itself has been reduced 50 per 
cent in weight while providing greater 
closing effort and more exact control of air 
flow and forces. 

Within this mechanism compartment 
«=in across-the-circuit-breaker wiring 
■trough has been provided, open at both 
ends. Thus for adjacent circuit breakers, 
concealed wiring conveniently may be run 
along a line of circuit breakers. Air pip- 
irig from circuit breaker to circuit breaker 
is mounted on top of the wiring trough. 
Threadless-type pressure fittings equipped 
neoprene seals and providing joint 
flexibility used at the circuit breaker air 
inlet permit adding intercircuit-breaker 
piping by inserting this piping into the 
fitting and tightening the fitting bonnets 
with a wrench. On-the-job soldering is 
not required. All control wiring is en¬ 
closed in conduit or made behind the 
Hinged control panel so that no wiring is 
exposed to accidental damage. The cir¬ 
cuit breaker interlock shown to the right 
of the mechanism in Figure 1 has been de¬ 
signed to provide positive resistance to air 
operation when in the locked position. 
Even though electric contacts open to ■ 
isolate the closing circuit, the interlock 
will hold against inadvertent manual 
operation of the air-closing valve. Open¬ 
ings shown in the left-hand door of Figure 
1 provide visual inspection of the reser¬ 
voir pressure gauge, circuit breaker opera¬ 


tion counter, and position indicator with¬ 
out opening the mechanism compartment 
doors. 

The requirements of a large diameter 
valve capable of delivering necessary 
quantities of air in a short-time interval 
and opening and closing quickly to reduce 
air consumption have plagued the de¬ 
signer with problems in metallurgy and 
mechanical forces which had not been 
solved in previous air-control experience. 
The blast valves have been improved to 
provide almost leakproof performance. 

Throughout the circuit-breaker design 
every consideration has been given to 


maintenance problems. Although over¬ 
all space requirements have been re¬ 
duced, working clearances around the 
pole units with removable interphase 
barriers have been maintained. By re¬ 
ducing space requirements for the mech¬ 
anism and swinging the reservoir back¬ 
ward, the mechanism is even more acces¬ 
sible than on the older design. This has 
not resulted in an inaccessible reservoir 
where insurance inspection is required, 
since the control panel on the left-hand 
side of the mechanism compartment now 
hinges outward and larger, more easily 
removable; inspection openings, acces- 


Figure 6. Sectional view of new 
blast valve assembly 
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sible from the front, have been provided. 

In the older design, where service re¬ 
quirements were not fully appreciated, ad¬ 
justments were provided. Besides the 
difficulty in maintaining these adjust¬ 
ments a greater amount of know-how was 
required by maintenance personnel. In 
the modern circuit breaker most adjust¬ 
ments have been eliminated. Contact 
pressures are fixed by machined dimen¬ 
sions and spring design such that bolting 
tightly into place automatically results in 
correct adjustment. Extensive tooling 
eliminated adjustments in link lengths, 
stop settings, and so forth. Multiple 
finger contacts have eliminated the need 
for close fitting of contact surfaces. 

Arc Chute 

A modern 1,500,000-kva arc chute with 
one side removed is shown in Figure 3. 
While the component parts have re¬ 
mained essentially unchanged, the geom¬ 
etry of the chute has been altered to give 
more efficient air usage. The arc chute 
proper has been lengthened, but at the 
same time bulky mufflers previously used 
have been eliminated. This results in a 
narrower arc chute and a reduction in 
handling weight of 37 per cent. It is nota¬ 
ble that recent development of a lami¬ 
nated fiber by fiber manufacturers has re¬ 
duced warpage of arc-chute material 
roughly 60 per cent. Spare arc-chute 
splitters and parts retain their shape and 
facilitate replacement, even after months 
on the storeroom shelf. 

Contacts and Pole Units 

Figures 4 and 5 show 2,000-ampere and 
4,000-ampere pole units respectively, both 


Figure 7. Shock absorber as¬ 
sembly showing mounting of 
tubular-type shock absorbers 


for a 1,500,000-kva circuit breaker. The 
stationary contacts consist of cast cupa- 
loy finger members bolted to the main 
stationary terminal casting. Cupaloy 
having a conductivity of 83 per cent, heat 
treatable to a Brinell hardness of 100, and 
having a yield strength three and one-half 
times that of cast copper, possesses the 
current-carrying capacity and spring ten¬ 
sion required for this application. Thus 
the need for adjustable springs and fasten¬ 
ing gadgets has been eliminated. The 
cupaloy block is slotted for entrance of the 


moving contacts to dimension providing- 
correct deflection and then silver plated. 
The block also is slotted perpendicularly 
to the entrance .slot to provide a multi¬ 
plicity of contacts. Alignment is obtained 
by engagement with the moving contact 
and then tightening the holding bolts, 
thus positioning the finger block. Further 
adjustment is unnecessary. Heavy rail¬ 
road-type lock washers are^used, capable 
of maintaining the finger block position 
and contact. Located directly above the 
finger block, Figure 4, and above the 
center finger block in Figure 5 is an el- 
konite arcing tip. Thus as the contacts 
separate, the arc is moved away from the 
finger block to the arcing tip by action of 
the air blast and magnetic forces, protect¬ 
ing the finger block from a stationary arc. 
The moving contacts are made from 
cupaloy castings. 

To insure homogeneous castings free 
from flaws and porosity, new X-ray tech¬ 
niques have been adapted. Many ap¬ 
parently sound Castings from a visual in¬ 
spection were rejected when X-rayed. 
The economics of this problem would not 
permit the resulting scrap rate. This 
forced the development of new casting 
procedures which today have largely 
eliminated rejects and insure industry a 
uniform product for this application. 

Conduction of current across the hinge 
joint in combination with mechanical 
movable members has been troublesome 



Figure 8. Pneumatic mechanism assembly in section 
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Figure 9. Sectional view of mag¬ 
net valve 
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in the past. Various combinations of slid¬ 
ing plates and flexible shunts have been 
used with some success. The solution 
shown here has given excellent results. It 
embodies a multiplicity of contacts bridg¬ 
ing the stationary and movable members 
shown separated from the circuit breaker 
in Figure 4 and assembled in Figure 5. 
Each contact is maintained with individ¬ 
ual biasing springs over both moving and 
stationary members. Correct contact 
pressure is maintained without adjust¬ 
ment and no adjustment can be made af¬ 
fecting the mechanical working of the 
joint. Since line contact only is main¬ 
tained between the bridging and movable 
members and since each line contact is 
spring biased individually, any tendency 
of the silver-to-silver surfaces to gall is 
overcome by the bridging member lifting 
and riding over the surface discontinuity 
rather than working a ball of silver or for¬ 
eign particles back and forth to damage 
the contact. Wiping action on the sta¬ 
tionary of the hinge is obtained by per¬ 
mitting a small back and forth drag as the 
moving contact rotates. To increase the 
current-carrying capacity of the hinge 
joint, more bridge members are used. 
The assembled contact bridges, contained 
in their respective cover, are easily re¬ 
moved for examination. 

Blast Valves 

The new blast valve is shown, in sec¬ 
tion, in Figure 6. Previous designs uti¬ 
lized metal-to-metal seats which although 
successful in their operation required con¬ 
siderable skill in seating. A correctly 


seated valve had long life and leaked less 
as it was operated. However, if the valve 
seat and piston did not register over 
nearly the whole circumference, point 
stresses were set up due to the force of 
closing, the metal was deformed beyond 
its elastic limit, and permanent damage 
resulted requiring excessive regrinding to 
reseat. The new design utilizes a neo¬ 
prene seat that is restrained in its de¬ 
flection by a metal stop other than the 
valve seat. In addition, the valve seat 
itself is made wide to reduce seat pres¬ 


sures. This results in a dependable seat¬ 
ing, long life valve. No regrinding or pre¬ 
cision field work is necessary. A valve 
seat accidentally damaged, may be cor¬ 
rected by installing a new valve seat 
disc. As indicated in Figure 6, the valve 
assembly may be removed as a unit witlu- 
out disturbing other supporting members. 

Shock Absorbers 

Figure 7 shows the new application of 
tubular-type shock absorbers to control 



Figure 10. Old and new designs of pneumatic mechanisms 
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opening and closing motion at the end 
points. This linkage works over both 
sides of the toggle position having more 
overtoggle on opening than on closing. 

Previous attempts to control rebound and 

• - 

impact by air dash pots and compression 
of air within the main mechanism cyl¬ 
inder were not successful due to compres¬ 
sibility of the air and the use of the same 
air pockets for unrelated functions. 
Usually an undesirable compromise was 
necessary between stopping effort and the 
opening or closing function. The use of 
shock absorbers divorced these functions, 
making finer control of each possible. 

Working the shock absorber on the 
closing stroke presents no problem be¬ 
cause the new mechanism does not ex¬ 
haust the driving air unless immediate 
contact reversal is necessary. Thus, if 
the circuit breaker slows due to magnetic 
forces, the shock absorber action also 
slows, reducing resistance, and the mech¬ 
anism supplies the force necessary to pass 
through the slow point. 

Mechanism 

The operating mechanism has been 
modernized as shown in Figure 8. This 
mechanism consists of the main cylinder 
and piston, the closing and opening mag¬ 
net valves shown in Figure 9, and a selec¬ 
tive functional-type exhaust valve as¬ 


sembly mounted between the magnet 
valves and the main cylinder. 

This mechanism is referred to as func¬ 
tional in that when the closing magnet 
valve is energized to admit air below the 
main piston, air is maintained until the 
circuit breaker is fully closed and the mag¬ 
net valve de-energized by an auxiliary 
switch unless contact reversal is required 
due to short-circuit conditions. Then the 
opening valve is energized by relay action 
to introduce air above the main piston. 
This air acting on the upper exhaust valve 
piston forces the lower exhaust valve pis¬ 
ton downward (since the lower piston has 
smaller area) cutting off the closing air 
and exhausting the air beneath the main 
piston to atmosphere. This contrasts 
with the older type mechanisms where ex¬ 
haust of the driving air was obtained by 
mechanically linking the exhaust valve 
piston to the shaft and exhausting when 
the piston reached a certain position. This 
was referred to as a positional exhaust. 
Obviously a shock absorber used in closing 
in combination with exhausting of the 
driving air would stall the circuit breaker. 
The older circuit breakers were required 
to absorb more shock on contacts and 
connecting linkage, and required finer 
adjustments to insure proper closing. 

An interesting comparison of the old 
and new type mechanisms, side by side, is 
shown in Figure 10. The older mecha¬ 


nism, on the right, was designed with gen¬ 
erously large cast cylinders and flanges re¬ 
quiring bulk and space. By employing a 
rolled tubular cylinder held together with 
the studs and closed at the ends with 
simple castings, the new main cylinder 
has resulted. The older mechanism 
shows a magnet valve mounted on a relay 
air valve assembly which is then mounted 
to the main cylinder casting. This auxil¬ 
iary equipment has been replaced with a 
compact unit assembly, shown also in 
Figure 9, light in weight, easily removable 
for bench inspection, and easily stocked as 
a spare part. Whereas the older mecha¬ 
nism weighed 250 pounds, the new mecha¬ 
nism weighs 125 pounds. 

Other Applications 

This paper has indicated use of the new 
design features only on the 1,500,000-kva 
circuit breaker. Their use on the 1,000, 
000-kva circuit breaker at 1,200- and 
3,000-ampere continuous current capac¬ 
ity closely paralleled that of the 1,500,- 
000-kva circuit breakers. To complete 
this line of circuit breakers, 2,500,000-kva 
circuit breakers are now being produced 
for 14.4-kv service and 34.5-kv circuit 
breakers with an interrupting capacity up 
to 2,500,000 kva and a continuous cur¬ 
rent rating to 3,000 amperes, all designed 
to incorporate the new features. 


Discussion 

A. M. deBellis (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N.Y.): 
This paper describes the first major revision 
of design in the mechanism and parts of the 
Westinghouse 14.4-kv air-blast circuit 
breaker line since they were first furnished 
to us in 1942. Actually, the main principles 
of design are not changed in this revamping 
of the circuit breaker, which speaks very well 
for the men who built the first of this type 
of power circuit breaker. 

We are now operating approximately 115 
units of the original design and these, by and 
large, have been satisfactory. A number of 
improvements are described in the paper by 
Mr. Schraraeck. which I feel will improve 
the ease of maintaining the circuit breakers. 
Also we should experience fewer mainte¬ 
nance requirements as a result of the sim¬ 
plifications adopted in the mechanism. 

Some leakage has been experienced at the 
hard-blast valve seats of the old design, 
which should be eliminated by the new Neo¬ 
prene seat material. Special care will have 
to be taken, not only in the design of the 
Neoprene seat but also in its assembly in the 
valve, to prevent displacement of the seat 
material during the circuit breaker opera¬ 
tion, which would result in more serious air 
leakage than has been experienced in the past 
with metal-to-metal seats. 


Robert H. Nau (University of Illinois. 
Urbana, Ill.): The most popular reasons for 
cussing or discussing a person or thing are 
interwoven with the proclaiment’s desire to 
tell either of his close association with or to 
extol achievements of the recipient. 

The basis of this discussion is supported 
by both of these factors. I must signify, 
however, that I intend to mention my engi¬ 
neering association only to exemplify my 
qualifications to give plausible comments 
rather than perfunctory remarks upon this 
new compressed-air circuit breaker. 

During the first 4 years of the develop¬ 
ment and utility application period of this 
high-power compressed-air circuit breaker, 
I was pressing the development of the West¬ 
inghouse magnetic De-ion air circuit 
breaker . h 2 Inasmuch as the lower interrupt¬ 
ing ratings of the cross-blast compressed- 
air circuit breaker overlap the higher ratings 
of the magnetic circuit breaker, my thinking 
and interests with both circuit breakers were 
poignant. Since the early years, 14 of my 
discussions on circuit breakers have been 
published in AIEE Transactions. In the 
last 2 years I have written two major ar¬ 
ticles on modern-type high-power circuit 
breakers. 3 ' 4 

The prototype of the new 14.4-kv indoor 
compressed-air circuit breaker was emi¬ 
nently successful in interrupting the highest 
short-circuit currents from the time of its 
inception. Whether the manufacturer was 


able to realize any profit or not at that time 
is problematical. 

I made a detailed study of the new circuit 
breaker which Schrameck aptly describes in 
his paper. The improvements in mechanical 
design are of such striking quality that the 
circuit breaker is, indeed, new. except for 
functional operation and superficial appear¬ 
ance. The 30-per-cent reduction in weight 
signifies tremendous advantages to both the 
customer and the manufacturer. The de¬ 
velopment of precision castings for the oper¬ 
ating mechanism and contact parts repre¬ 
sents significant scientific advances. 

Shop and maintenance difficulties have 
been practically eliminated by new design 
features incorporated into the various parts, 
that is the arc chamber, the current carry¬ 
ing parts, and the operating mechanism. 
The machining operations for the arc cham¬ 
ber parts used to be tedious and costly in 
order to obtain the necessary space for side 
dumping of the blast air during the high 
current part of the arcing period. 6 A very 
simple machining operation on the fiber 
splitters is now used to facilitate similar ef¬ 
fects. 

The main stationary contacts are now 
made of single solid blocks of cast cupaloy 
into which one large groove has been ma¬ 
chined and several slots have been cut to in¬ 
troduce a multiplicity of self-spring biased 
tuning fork contacts. These contacts re¬ 
quire no elaborate adjustment and can be 
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inspected easily. The former main con¬ 
tact, Although entirely satisfactory, was 
made of many parts, including bolts, springs, 
and flexible shunts. A heavy rectangular 
piece of fiber is placed beneath the station¬ 
ary contact to shield conveniently the lower 
space from the blast air during the arcing 
period when high side pressures may ex- 
ist. 

The contact bridge that connects the 
moving wishbone contact arm with the 
iower stationary stud is particularly novel. 
This bridge eliminates both troublesome 
shunts and abrasive side-pressure contacts. 

The innovation of employing neoprene 
valve seats has enhanced the operational 
life of the valves, removed the nuisance of 
compressed-air mechanisms, and made 
valve servicing in the field a minor considera¬ 
tion. These Neoprene valve seats give 
practically leak-proof performance. 

In addition, it is significant to note that 


the interrupting performance of the new 
14.4-kv indoor compressed-air circuit 
breaker surpasses that of its prototype. 
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J. E. Schrameck: The writer wishes to 
thank Mr. deBellis and Professor Nau for 
the emphasis each has given the features of 
the subject compressed-air circuit breaker 
such as contact structure, blast valves, sim¬ 
plicity, and general accessibility for main¬ 
tenance purposes. Mr. deBellis’ experience 
with 115 units of the original design is par¬ 
ticularly interesting and certainly contrib¬ 
utes to the general fund of information 
which has brought about wide acceptance of 
the indoor compressed-air circuit breaker. 

In early experiments with neoprene- 
seated blast valves, displacement of the 
valve seat, as pointed out by Mr. deBellis, 
occurred. This displacement was eliminated 
by better support and added protection for 
the valve disk. In thousands of subsequent 
circuit-breaker operations on a test circuit 
breaker and on several hundred circuit 
breakers now in service, no seat displace¬ 
ment has occurred. 
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P NEUMATIC operation of power cir¬ 
cuit breakers which started before 
1900 was used very little until the last dec¬ 
ade. The increasing energy required for 
closing circuit breakers of higher and 
higher rating and the demand for quicker 
closing and reclosing enhanced the ad¬ 
vantages of the pneumatic mechanism and 
led to its present predominance in the 
operation of large power circuit breakers. 
Experience gained with the mechanisms 
which pioneered the applications and 
gained widespread use has influenced 
the development of a new line of devices 
which are used on power circuit breakers 
over the voltage range of 230 kv to 14.4 
kv, interrupting capacity range from 
the highest down to 500 megavolt-am¬ 
peres, and interrupting times of 8, 5, and 
2 cycles. 

These mechanisms are mechanically 
trip-free in all positions to make it im¬ 
possible to hold the circuit breakers closed 
by compressed air when the trip coil is 
energized. Ciruit breakers operated by 
them are spring-opened and, whether 
tripped electrically or manually, their 
opening performance is entirely inde¬ 
pendent of the air pressure existing in the 
compressed-air system. 

The various power circuit breakers im¬ 
pose widely different loads on the mech¬ 
anisms during a dosing stroke. Most of 


the circuit breakers have relatively light 
closing force requirements during the 
early part of the closing stroke while the 
moving contacts are being accelerated and 
lifted into engagement with the station¬ 
ary contacts, and relatively heavy force 
requirements during the latter part of the 
stroke while the interrupters are being 
closed and energy is being stored to pro¬ 
vide for the opening operation. Lever 
systems provide mechanical advantages 
which smooth out these requirements to a 
large degree. 

Before pneumatic operating mecha¬ 
nisms were widely used, the circuit-breaker 
loads were fitted to the solenoid mech¬ 
anisms, and many of these circuit break¬ 
ers are still in use. Occasionally, such 
circuit breakers are changed over to pneu¬ 
matic operation. Moreover, many types 
of circuit breakers, particularly these re¬ 
quiring light or moderate closing forces, 
are built for operation in some locations 
by pneumatic mechanisms and in others 
by solenoid mechanisms, and their load 
characteristics should be suitable for either 
type of mechanism. Consequently, it is 
desirable to be able to get closing force 
characteristics from a pneumatic mech¬ 
anism which are suitable for these circuit 
breakers. 

The pneumatic mechanism has much 
more force than a corresponding solenoid 


at the start of a closing stroke. Although 
this is an advantage in increasing the 
initial acceleration and reducing the 
closing or reclosing time, this force, if sus¬ 
tained, may result in excessive contact 
speed before the heavier loads near the 
end of the stroke are picked up. These 
mechanisms have adjustable throttle 
valves which provide for limiting the 
contact speed by restricting the supply of 
air during the early part of the stroke and 
• then increasing the supply of air during 
the latter part of the stroke. 

The operation of the wide range of 
power circuit breakers is accomplished by 
two basic sizes of pneumatic mechanisms. 
The smaller size, Figure 1, is designed for 
operation at a maximum initial air pres¬ 
sure of 170 pounds per square inch and 
has a piston diameter of 7 inches and a 
piston stroke of 5 V 2 inches. By varying 
the operating pressure or the throttling of 
the device, this mechanism can be fitted 
to the range of circuit breakers requiring 
closing efforts of approximately 22,000 
inch-pounds and less. 

The second and larger pneumatic 
operating mechanism, Figure 2, is de¬ 
signed for circuit breakers generally of 
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Figure 1 (left). 
The smaller of 
two types of me¬ 
chanically trip- 
free pneumatic 
operating mech¬ 
anisms for power 
circuit breakers 


Figure 2 (right). 
The larger of two 
types of pneu¬ 
matic operating 
mechanisms for 
high-speed re¬ 
closure cf high- 
voltage power 
circuit breakers 





3,500 mega volt-amperes and above. It 
has a cylinder diameter of 10 inches and a 
piston stroke of 5V2 inches. When this 
mechanism is used for loads up to about 
45,000 inch-pounds and at an operating 
pressure below 180 pounds per square 
inch, a single-stage compressor suffices. 
It can operate circuit breakers requiring * 
up to about 70,000 inch-pounds if sup¬ 
plied with air at pressures up to 270 
pounds per square inch by a 2-stage com¬ 
pressor and larger reservoir. This larger 
mechanism usually is supplied with a 
throttle when used on circuit breakers 
having an interrupting capacity of 5,000 
mega volt-amperes or less, but with circuit 
breakers rated above 5,000 megavolt- 
amperes the mechanism usually is applied 
without a throttle, and adjustment in the 
output is obtained by varying the res¬ 
ervoir air pressure. 

Description 

The smaller of these mechanisms is 
shown in cross section by Figure 3. At 
the upper left-hand side of the figure the 
mechanism is shown in the open position, 
below that in the closed position, and at 
the upper right in a trip-free position 
with the piston held by air at the lower 
end of its stroke. 

The driving member consists of a non- 
ferrous piston moving in a nonferrous 
cylinder clamped between two steel 
cylinder heads. Air, admitted through a 
port (not shown) in the upper cylinder 
head, drives the piston to the lower posi¬ 
tion. The force on the piston is trans¬ 


mitted through a vertical piston rod to a 
cross head and pin B equipped with rol¬ 
lers operating between guide rails forming 
part of the fabricated frame of the mech¬ 
anism. Operating within these same 
guide rails is another roller-equipped pin 
A which transmits the force to the circuit 
breaker pull rod. These two pins are 
connected together by two links, labeled 
closing link and cam link, which are re¬ 
strained at their common point, pin C , by 
an intermediate link attached to the 
latching system. As long as the pin D in 
the right-hand end of this intermediate 
link is held stationary by the latches, the 
piston and the circuit breaker pull rod are 
mechanically connected together and the 
force on the piston is transmitted almost 
unmodified to the circuit breaker pull rod. 
During the closing stroke, therefore, the 
circuit breaker pull rod and the piston are 
mechanically connected and move to¬ 
gether until they reach the closed position 
shown in the lower part of Figure 3. Here 
the holding latch biased by a spring en¬ 
gages the cross head and holds the lower 
pin and the piston in the latched position. 

During this closing operation, pin D, 
which connects the right-hand end of the 
intermediate link and the trip-free lever, 
is held in a fixed position by the trip-free 
trigger which engages a roller on the 
trip-free lever. If at any time during the 
closing stroke, or while the circuit breaker 
is in the closed position, the trip-free 
trigger releases the roller by the action of 
the trip rod, the trip-free lever becomes 
free to rotate in a counter-clockwise direc¬ 
tion, and the right-hand end of the inter¬ 


mediate link can move to the right, 
thereby releasing the two links which join 
the piston rod to the circuit breaker pull 
rod. Releasing the circuit-breaker pull 
rod permits the circuit breaker to move to 
the open position under the action of ac¬ 
celerating springs. 

If compressed air is acting on the closing 
piston at the time the trigger operates, the 
piston will move to, or be held in, the 
closed position and the levers may reach 
the position shown in the upper right sec¬ 
tion of Figure 3. However, the opening 
of the trip-free latches and the opening of 
the toggle will cause the cam link to pre¬ 
vent the latch from holding the cross head. 
It accomplishes this by pushing the hold¬ 
ing latch out of engagement with the cross 
head if it has engaged it in the end posi¬ 
tion, or by preventing it from engaging if 
the tripping occurs before the end posi¬ 
tion is reached. As soon as the com¬ 
pressed air is released from the cylinder, 
the piston will return to the open position 
under the action of the retrieving springs 
mounted below the piston. While the 
closing piston is returning to the open 
position, the closing link and the cam link 
again will come into toggle relationship, 
and the intermediate link will pull the 
trip-free lever into its latched position so 
that the trigger can engage the roller and 
the mechanism can become ready for an¬ 
other closing operation. 

This resetting operation can take place 
at any point of the opening stroke. If the 
tripping occurs while the mechanism is in 
the closed position with no air pressure in 
the cylinder, the retrieving springs will 
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OPEN POSITION 




TRIP-FREE POSITION 


Figure 3. Cross section of the 
smaller pneumatic operating 
mechanism in the closed, a trip- 
free, and the open positions 
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TEMPERATURE F. 


Figure 4. Low temperature increases the 
force exerted by the trip more than the load 

of the latches 


accelerate the closing piston as soon as the 
cam link releases the holding latch which 
occurs within a small fraction of an inch of 
pull rod travel. The retrieving action is 
rapid, and before the open position is 
reached the piston may attain the position 
relative to the pull rod which permits the 
trigger to engage. When this occurs, the 
closing piston again is positively coupled 
to the circuit breaker pull rod, and air 
pressure can be applied for the reclosing 
of the circuit breaker. 

To prevent accidental release of the 
trip-free trigger due to shock, a small 
catch engages the trip-free trigger and is 
released by the trip rod before the latter 
engages the trip-free trigger. 


The trip-free trigger and the roller on 
the trip-free lever are mounted on roller 
bearings. These bearings are lubricated 
with a grease suitable for operation within 
a range of temperatures corresponding to 
those encountered in circuit-breaker oper¬ 
ation. As a check that cold weather 
would not cause these bearings to become 
inoperative, a latch and trigger mounted 
in a mechanism frame and loaded to a serv¬ 
ice value were put in a refrigerator and 
reduced in temperature to —60 degrees 
Fahrenheit. At this point the force re¬ 
quired for tripping had increased about 
23 per cent. As temperatures are low¬ 
ered, the available force exerted by the 
trip coil because of lowered resistance in¬ 
creases relatively more than the tripping 
load as shown by Figure 4. This indicates 
that the margin to insure positive tripping 
is not as great at high temperatures as at 
low. However, even at 150 degrees 
Fahrenheit and minimum specified trip¬ 
ping voltage, the trip magnet can exert 
about 30 pounds more than the force re¬ 
quired to release the trigger. 

The trip magnet is a completely self- 
contained assembly, Figure 5, easily re¬ 
moved from the mechanism as a unit by 
withdrawing just two bolts. Although 
it is designed for high-speed operation, the 
iron circuit is not laminated. This re¬ 
sults in a strong lightweight .armature. 
Tests showed that the increase in the cur¬ 
rent necessary to compensate for the eddy 
currents in the solid cores was very small 
and reduced only slightly the rate of in¬ 
crease of the tripping force. 

The ampere-turns at minimum control 
voltage are chosen to produce a flux den¬ 
sity approaching saturation because a 
magnet having a given amount of flux 
produces a greater force if the flux is con¬ 
centrated in a smaller area. The force 


necessarily increases as the control voltage 
is raised but does not become excessive 
even at maximum control voltage. Oper¬ 
ating time was reduced by locating the 
center air gap inside the coil to reduce 
leakage and increase the flux densities in 
the air gaps. 

A spring-mounted bar supports the 
armature in the open position and pre¬ 
vents vertical shocks from m driving the 
armature upward and causing accidental 
opening of the circuit breaker. Its loca¬ 
tion is adjustable and controls the normal 
air gap of the trip magnet. The trip rod 
attached to the armature and transmit¬ 
ting the force to the trigger is adjustable 
so that the trigger can be released at a 
suitable point prior to the end of the arma¬ 
ture travel. A small spring, compressed 
near the end of the tripping stroke, ac¬ 
celerates the armature away from the sta¬ 
tionary core as soon as the trip magnet is 
de-energized. This facilitates rapid re¬ 
setting of the trigger. A conventional 
hand-tripping knob on a rod projecting 
through the mechanism housing acts on a 
small bell crank at the lower end of the 
trip rod to force it upward and release the 
trigger. 

Compressed air for the operating cyl¬ 
inder is admitted and discharged through 
a port in the top cylinder head. Mounted 
immediately above it is a control valve 
combining the functions of an inlet valve 
and a pressure release or exhaust valve, 
Figure 6. An electromagnetic pilot valve 
admits control air to act on pistons above 
the exhaust valve and above the inlet 
valve. This control air performs two 
functions: first, it seals the exhaust valve, 
and second, it opens the inlet valve to ad¬ 
mit air to the operating cylinder. The 
use of only a small volume of control air 
produces rapid valve action. The air is 
conducted to the cylinder through a 
divided passage. One part goes through a 



Figure 5 (left). 
The trip magnet 
used on both 
mechanisms is a 
sturdy, easily 
adjusted sub- 
assembly 


Figure 6 (right). 
A control valve 
for the larger 
mechanism cut 
away to show the 
control air pas¬ 
sages and cylin¬ 
ders, and the 
inlet and exhaust 
valves 


small variable orifice, or by-pass opening, 
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OPEN POSITION 



TRIP-FREE POSITION 


Figure 7. Cross section of the larger of 
the trip-free pneumatic operating mech¬ 
anisms for power circuit breakers. This 
mechanism opens nontrip-free except 
when the operating cylinder contains 
compressed air 
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MECHANISM PULL-ROD TRAVEL - INCHES 

Figure 8. The load imposed on the larger 
mechanism by a 161-ky 10,000-megavolt- 
ampere oil circuit breaker. The additional 
energy supplied by the mechanism in the 
early part of the closing stroke becomes the 
kinetic energy of the moving parts 


which is controlled by a by-pass adjusting 
screw. This passage supplies all of the air 
during the early part of the closing stroke 
and can be adjusted to reduce the air pres¬ 
sure in the cylinder. The second and 
larger passage contains a throttle valve 
which remains closed during the early part 
of the stroke. It is opened mechanically 
to increase the air supply to the cylinder 
at a predetermined position by a roller on 
the pin through the rod end. At the end 
of the closing stroke the pilot valve is de¬ 
energized. This discharges to the atmos¬ 
phere the air in the control cylinders, 
thereby closing the inlet valve and prac¬ 
tically simultaneously opening the large 
exhaust valve which quickly vents the air 
from the operating cylinder. 

A considerable portion of the energy 
produced by fast-acting operating mech¬ 
anisms goes into the kinetic energy of the 
moving parts of the circuit breaker and 
mechanism. This kinetic energy must be 
dissipated at the end of the closing stroke 
and might result in a considerable shock 
to the apparatus. Part of the kinetic 
energy in this operating mechanism is ab¬ 
sorbed by an air cushion at the end of the 
closing stroke. In the last 3/4 inch of 
travel a cylindrical projection on the lower 
surface of the operating piston seals a hole 
in the lower cylinder head and traps a 
small quantity of air below the piston. 
This air is compressed and, its pressure, 
rising rapidly immediately before the 
piston reaches the end of the travel, 
greatly reduces the shock on the operating 
mechanism. When the piston is moving 


Table I. Performance Data 


Mechanism 


Smaller Larger 


Time in Cycles, 60-Cyc^e Base 


Closing 

Time to complete opening of pilot valve. 

Time to start movement of lift rod. 

Time to close circuit breaker (touch contacts). 

Times measured from energizing pilot valve coil 

Opening 

Time to release trigger. 

Time to start movement of lift rod. 

Time to part circuit-breaker contacts. 

Time for circuit breaker to reach open position. 

Times measured from energizing trip coil 

Reclosing 

Time to release trigger. 

Time to energize pilot valve coil. 

Time to complete opening of pilot valve. 

Time to reverse circuit-breaker lift rod motion. 

Time to reclose circuit-breaker contacts. 

Percentage opening of circuit-breaker lift rod at reversal... 
Times measured from energizing trip coil 

2nd Immediate Reclosure 

Time for circuit breaker to reach open position. 

Time to reset trip-free linkage. 

Time to complete opening of pilot valve. 

Time to reclose circuit-breaker contacts. 

Percentage opening of circuit-breaker lift rod at reversal... 

3rd Immediate Reclosure 

Time for circuit breaker to reach open position. 

Time to reset trip-free linkage.. 

Time to complete opening of pilot valve. 

Time to reclose circuit-breaker contacts. 

Percentage opening at circuit-breaker lift rod at reversal... 
Times measured from energizing trip coil 

* These data apply to both nontrip-free and trip-free opening. 
Time to reset trip-free linkage. 


1.1 

1.9 

11.0 


1\1 

2.5 

12.1 


0.6 

1.0 

2.0 

8.4 


0 . 6 * 

1.0 

1.6 

6.6 


0.6 

5.7f 

7.1 

8.3 

16.7 

90 


0 . 6 * 

1.7 

2.8 
8.0 

14.6 

73 


9.0 

14.5 

15.7 

26.1 

94 


7.2 

11.7 

12.9 

24.5 

100 


8.7 

14.0 

15.1 

26.0 

100 


7.2 

12.0 

13.1 

25.3 

100 


in the other direction, a check valve pre¬ 
vents the formation of a partial vacuum 
in this chamber which would reduce the 
acceleration of the piston and delay the 
resetting of the trip-free latches. 

Manual operating devices provide 



TIME - CYCLES (60 CYCLE BASE) 

Figure 9. The smaller operating mechanism 
closing all 5-kv circuit breaker in 11.0 cycles 


maintenance operation without the use of 
compressed air. When the mechanism 
is used on frame-mounted circuit breakers 
where the closing effort needed is rela¬ 
tively low, the circuit breaker can be 
closed with one sweep of the handle of a 



TIME - CYCLES (60 CYCLE BASE) 

Figure 10. The smaller operating mechanism 
opening all 5-kv 5-cycle circuit breaker 
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TIME - CYCLES (60 CYCLE BASE) 

Figure 11. The smaller operating mechanism reclosing a 115-kv circuit breaker in 16.8 cycles 


club-type hand-closing device which is 
easily removable for transfer from one 
mechanism to another. When the mech¬ 
anism is used where the closing effort ex¬ 
ceeds that which a man can exert in one 
stroke, the circuit breakers are closed by a 
ratchet-handle screw-type jack operating- 
on a threaded section of the piston rod. 

Accidental trip-free operation of the 
circuit breaker during maintenance can 
be prevented by inserting a pin through 
holes in the side plates of the frame. This 
pin passes behind the catch and just above 
the tail section of the trip-free trigger, 
thereby preventing the trip-free trigger 
from releasing the trip-free lever roller. 

If necessary, the operating cylinder of 
the mechanism can be inspected thor¬ 
oughly without disturbing the levers and 
latches above it. This is accomplished by 
removing first the spring housing and re¬ 
trieving springs below the piston, and then 
the lower cylinder head and cylinder wall. 
This exposes the piston which can be re¬ 
moved from the lower end of the piston 
rod. 

Rust is a problem in devices which 
■operate infrequently. Bearing surfaces 
are especially important as the successful 
operation of the devices depends on their 
ability to move after long inactive periods. 
In this mechanism the cylinder and piston 
are nonferrous. The piston rod is chrome- 
plated and runs in a nonferrous bushing- 
in the cylinder head. The guide rollers 
are stainless steel in the smaller mecha¬ 
nism and manganese bronze in the larger 
mechanism. The pins, made from heat- 
treated alloy steel, are carried in bronze or 
antifriction bearings and are lubricated 


to prevent rusting. All parts of the con¬ 
trol valve are made of nonferrous ma¬ 
terial with sliding surfaces of moving 
parts, such as pistons and valve stem, 
chromium-plated to prevent abrasion. 
Surfaces which are not part of bearings are 
painted, plated, or made of nonferrous 
materials. 

The compressor is a single-stage air¬ 
cooled type. A pressure governor switch 
regulates the pressure in the storage res¬ 
ervoir. A safety valve is supplied on the 
reservoir to prevent pressure from build¬ 
ing up to a dangerous level. At a pressure 



0 5 10 15 


TIME - CYCLES (60 CYCLE BASE) 

Figure 12. The larger operating mechanism 
dosing a 161 -kv circuit breaker in 15.0 cycles 


slightly above the minimum satisfactory 
operating pressure, a low-pressure cutoff 
switch operates to open the closing cir¬ 
cuit, thus preventing the mechanism from 
attempting to operate the circuit breaker 
when there is insufficient air pressure to 
complete the operation. The reservoir 
tank fulfills the requirements of state in¬ 
spection codes, and all equipment is man¬ 
ufactured under the American Society of 
Mechanical Engineers requirements with 
close inspection. 

In addition to the mechanism and con¬ 
trol valves which have been discussed in 
detail, there are other auxiliaries essential 
to the functioning of the mechanism, such 
as a control panel for mounting the X — Y 
relays and knife switches, auxiliary 
switches, pressure switches, safety valve, 
compressor unit, heaters, pressure gauge, 
operation counter, and terminal blocks. 
The mechanism and these auxiliaries are 
mounted inside a sheet metal housing, 
Figure 1. The door openings are sealed 
around the edges with tubular neoprene 
rubber gaskets to make the housing 
weatherproof and dust proof. In the 
placement and arrangement of the equip¬ 
ment in the cabinet, the emphasis was on 
accessibility. The single-stage air-cooled 
compressor and its driving motor are 
mounted on a bed-plate located on top of 
the reservoir. The junction box for the 
motor leads is out in front, the drain and 
filling plugs for the compressor crank case 
are readily accessible at the left-hand side 
of the compressor, and either the motor 
or compressor can be removed easily as a 
unit without disturbing other apparatus. 



TIME - CYCLES (60 CYCLE BASE) 

Figure 13. The larger operating mechanism 
opening a 161-kv 3-cycle circuit breaker 
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TIME - CYCLES (60 CYCLE BASE) 


Figure 14. The larger operating mechanism reclosing a 161-kv 10,000-megavolt-ampere 
circuit breaker three times in 66 cycles. The first opening is nontrip-free with reclosure in 
11.5 cycles, the second and third trip-tree with reclosures in 26.3 and 27.0 cycles 


The piping between the reservoir and the 
control valve is simple and direct with 
rubber compression-type fittings at either 
end to facilitate the alignment and pro¬ 
vide the desired flexibility. The pressure 
switches and pressure gauge, are conven¬ 
iently located on a panel on the front of the 
reservoir for ease of reading and inspec¬ 
tion. By locating the latch check switch, 
triggers, and trip magnet at the front of 
the mechanism, they are readily acces¬ 
sible for inspection. The cutoff switch, 
located on the left front side of the frame, 
has individually adjustable finger con¬ 
tacts. The control panel, mounted on 
hinges, can be fastened back out of the 
way in its normal service position or 
swung outward for access to the wiring 
connections on the rear. The 11-pole 
auxiliary switch, which is located on the 
back of the housing is operated from the 
pull rod. The adjustment of the position 
of its contacts is made by simply shifting 
the position of a clamp on the pull rod. A 
syphon-type drain, which has proved very 
reliable on railroad car equipment for 
years, is employed for removing the con¬ 
densate from the bottom of the reservoir. 
This type of drain valve prevents the ac¬ 
cumulation of condensate above the valve 
seat. 

The larger size pneumatic mechanism, 
shown in cross section in Figure 7, is 
similar to the smaller. It has the same 
type of cylinder and frame, the same type 
of linkage, transmitting force from the 
operating piston to the circuit-breaker pull 
rod, and the same type of trip-free link¬ 
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age. Its principal differences are caused 
by provision for nontrip-free operation 
when there is no air pressure in the cyl¬ 
inder, a feature which is advantageous 
for an initial fast reclosure, because the 
closing means remains coupled to the cir¬ 
cuit breaker and reclosing can be started 
as soon as desired. Moreover, a circuit- 
breaker mechanism usually is tripped 
while no closing force is being exerted by 
the closing element, for example, when the 
circuit breaker has been closed and is car¬ 
rying current and no compressed air is 
acting on the piston. Under these con¬ 
ditions the larger mechanism functions 
nontrip-free since trip-free operation has 
no advantage over nontrip-free operation. 
The holding latch, which engages a pin in 
the piston rod cross head to hold it in the 
closed position, is held in the latched 
position by the nontrip-free trigger. Re¬ 
leasing the trigger releases the holding 
latch, thereby permitting the mechanism 
and circuit breaker to open under the ac¬ 
tion of the circuit-breaker load and the re¬ 
trieving springs. 

There may be times when the mecha¬ 
nism will close the circuit breaker against 
a short circuit and relays will energize the 
trip coil. Under these conditions, the 
larger mechanism operates trip-free in the 
same manner as the smaller mechanism 
and the circuit breaker is opened by its 
accelerating springs. Whenever the trip- 
free trigger is unlatched, a projection on it 
keeps the nontrip-free trigger out of its 
latched position so that the piston is free 
to retrieve when air pressure is removed. 


The unfolding of the toggle levers moves 
another projection (labeled kicker) which 
is part of the closing link to push and 
keep the holding latch out of its latching 
position. 

Whether the trip-free or nontrip-free 
trigger operates when the trip coil is ener¬ 
gized depends upon the position of a 
selector bar which is operated mechani¬ 
cally by a small piston workfng within the 
control valve. Air pressure acting on the 
operating piston acts also on this small 
piston and holds the selector bar in a 
position where it transmits any force from 
the trip rod to the trip-free trigger. As 
soon as air pressure approaches atmos¬ 
pheric in the operating cylinder, a biasing 
spring returns the selector bar to the posi¬ 
tion where it transmits any force from the 
trip rod to the non trip-free trigger. The 
trip magnet can trip the circuit breaker 
in any intermediate position of the selec¬ 
tor bar. 

This mechanism also is particularly 
suited to high-speed multiple reclosing 
service. If while the circuit breaker is 
carrying load a short circuit occurs and 
the circuit breaker is tripped, the mech¬ 
anism will open non trip-free and a reclos¬ 
ing circuit can be established at any de¬ 
sired time. The time required to operate 
valves and build up the pressure in the 
operating cylinder allows the circuit- 
breaker contacts to move the few inches 
required for arc interruption at the same 
speed as during a simple opening opera¬ 
tion. Air pressure then can reverse the 
motion of the lift rod before the open 
position is reached and return the circuit 
breaker to the closed position. A re¬ 
versal during the opening stroke reduces 
the closing speed required for a given re¬ 
closing time. If the short circuit is re-es¬ 
tablished, the circuit breaker will be 
tripped again. However, this opening fol¬ 
lows a closing operation so quickly that air 
pressure in the operating cylinder and 
control valve causes the trip-free trigger 
to be selected and the circuit breaker 
opens while the closing air is being shut 
off and the exhaust valve is opening. As 
soon as the force exerted by the air on the 
piston becomes less than the force of the 
retrieving springs, the piston will start to¬ 
ward the open position to retrieve the 
trip-free latches. When the trigger re¬ 
sets, a latch checking switch makes con¬ 
tact and re-establishes the closing circuit. 
The circuit breaker then recloses, and this 
second reclosure can be repeated if the 
short circuit is re-established again. The 
smaller mechanism also can be used for 
multiple reclosing and all openings are 
trip-free. The closing circuit will be made 
when the latches reset, and although it 
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r can not be as early as in a non trip-free 
operation, it will be much, earlier than on 
the second and third reclosures when air 
is present in the cylinder at the time of 
tripping. 

The Control valve used on the larger 
mechanism is similar to that used on the 
smaller. The one shown in Figure 6 is for 
high-speed multiple reclosing. The de¬ 
tail of the smajl cylinder and piston for 
operating the selector are located on a side 
of the valve not shown in Figure 6. 

Another model, which is applied when 
multiple reclosing is not required, has an 
exhaust valve of the spring-biased poppet 
type which vents the cylinder less rapidly. 
This exhaust valve, which is held closed 
by the air pressure in the cylinder during 
the closing stroke, opens after leakage 
from the cylinder has dropped the pres¬ 
sure enough to overbalance the spring bias. 

A few of the largest high-power circuit 
breakers are operated with full air pres¬ 


sure from the very beginning of the 
stroke, and consequently the model of 
control valve for these circuit breakers has 
the air passage from the inlet valve to the 
operating cylinder entirely unobstructed 
by any by-pass or throttle valve. 

Performance 

These mechanisms already have been 
applied and tested on a number of types 
of circuit breakers. One of the circuit 
breakers requiring multiple high-speed 
reclosures has been described. 1 

In the performance data given in Table 
I, the smaller pneumatic mechanism was 
operating an 800-ampere 115-kv 5-cycle 
1,500-megavolt-ampere oil circuit breaker, 
and the larger pneumatic mechanism was 
operating a 1,200-ampere 161-kv 3-cycle 
10 ,000-megavolt-ampere oil circuit breaker 
having a load characteristic shown in 
Figure 8. 


The operating performance is shown in 
detail in Figures 9 through 14, which were 
traced from oscillograms. 

The new line of mechanically trip-free 
mechanisms as presented here is the result 
of several years of development planning 
and exhaustive testing. Their perform¬ 
ance and endurance testing demonstrated 
that they should give good service. Ap¬ 
plications have been made covering the 
full range of circuit-breaker sizes. The 
first commercial circuit breaker operated 
by one of these mechanisms was shipped 
in September 1951 and from now on most 
of the outdoor oil power circuit breakers 
built by us will be supplied with these 
new mechanisms. 

Reference 

1. High-Speed Multiple Reclosing Oil Cir¬ 
cuit Breaker for 161 Kv, 10,000,000 Kva, B. P. 
Baker, G. B. Cushing. AIEE Transactions , vol¬ 
ume 71, part III, 1952 (Proceedings 52-10.) 


Discussion 

H. L. Peek (Allis-Chalmers Manufacturing 
Company, Boston, Mass.): In the introduc¬ 
tory paragraphs of this paper the authors 
particularly identify their pneumatic operat¬ 
ing mechanisms as embodiments of the prin¬ 
ciple of mechanically trip-free operation. 

Then we are told that the smaller of the 
two operating mechanisms is designed for 
mechanically trip-free operation only, 
whereas the larger is designed for nontrip- 
free operation except where opening im¬ 
mediately follows closing of the circuit 
breaker against a short circuit. 

There are two particular grounds upon 
which the authors justify their departure 
from the principle of mechanically trip-free 
operation in the case of the larger operating 
mechanism: First, that the nontrip-free 
operation which it provides when there is no 
air pressure in the operating cylinder is a 
feature advantageous for an initial fast re¬ 
closure in a duty cycle which initiates with 
an opening operation; second, that under 
the conditions of such an initial fast reclo¬ 
sure, trip-free operation has no advantage 
over non trip-free operation. 

Now, the fundamental concept of the 
principle of mechanically trip-free operation, 
which already has gained considerable rec¬ 
ognition and acceptance in the field, is the 
infallibility of the circuit breaker opening 
performance that is inherent where those 
components of the operating mechanism 
that are potentially disruptive to that per¬ 
formance are functionally severed from the 
circuit breaker as every opening operation 
initiates. 

In view of these controversial aspects of 
the grounds which they presented to justify 
departure from the principle of mechanically 
trip-free operation, in the case of the larger 
operating mechanisms, the authors may 
wish to elaborate upon the statements made 
in their paper. 

Besides this thought several questions 


arise. The first question relates to the 
operation of the traveling trip-free point C 
of Figure 7 of the paper. During a normal 
closure, this point travels vertically a dis¬ 
tance of 5 l /2 inches, corresponding to the 
piston stroke, and laterally some distance due 
to its rotation about point D . It appears 
that the inertia effect of this pin and its 
attached links might alternately load and 
unload the trip-free latching system render¬ 
ing that system unstable and subject to 
spillouts. Has this been a problem and, if 
so, what has been done to overcome it? 

The second question is concerning the 
number and type of adjustments. Selecting 
the trip magnet as an example, Figure 7 of 
the paper shows three adjustments: 

1. Air-gap adjustment. 

2 . Kick-off spring adjustment. 

3. Trip-rod adjustment. 

All three are screw type. We would like 
to hear what locking means has been utilized 
to preserve these adjustments, once made. 
It has been our experience that screw-type 
adjustments will change under shock con¬ 
ditions even when locking means ordinarily 
considered effective are employed. 

The third question: How is the force 
travel curve adjusted for high closing force 
at the end of the stroke without using a tog¬ 
gle or other multiplying system in the oper¬ 
ating linkage? 

The fourth and last question: Is a con¬ 
tact opening of less than 50 per cent full 
stroke on the first reclosing cycle considered 
safe under the most severe conditions of 
high interrupting capacity and rapid rate 
of rise of recovery voltage? 


R. C. Van Sickle, W. T. Parker, and F. E. 
Florschutz: Both of the operating mecha¬ 
nisms described in the paper are mechanically 
trip free. Definition 4-59.1 of an American 
Standards Association Standard 1 states, “A 
circuit breaker is mechanically trip free 


when the tripping mechanism can trip it, 
even though: (1) in a manually operated 
circuit breaker, the operating lever is held in 
the closed position; or, (2) in an electrically 
operated circuit breaker, the operating 
mechanism is held in the closing position 
either electrically or by means of an emer¬ 
gency closing lever.” The intent is to pre¬ 
vent an applied closing force from holding a 
circuit breaker closed against a fault even 
though the tripping circuit is energized. The 
smaller mechanism, whether operated pneu¬ 
matically or manually for closing a circuit 
breaker connected to an energized line is 
mechanically trip free. The larger mech¬ 
anism is trip free for pneumatic operation 
and the circuit breakers on which it is used 
require so much energy for closing that 
emergency manual closing is not practical 
because a man is not strong enough to close 
the circuit breakers on an energized line at a 
safe speed. 

For the heavier applications of the small 
mechanism and all applications of the 
larger mechanism a ratchet-handle screw- 
jack type of hand-closing device is provided 
for maintenance operation only. The 
larger mechanism is normally-not trip free 
for manual operation during maintenance. 
In fact, for safety during maintenance, both 
the smaller and larger mechanisms have a 
bar which can be inserted to prevent ac¬ 
cidental release of the trip-free latches. 

The links and pin at point C Figure 7 
of the paper rotate about point D, and their 
mass requires a radial accelerating force as 
mentioned. But the links are light compres¬ 
sion or tension members carrying heavy 
loads and their radial accelerating forces re¬ 
duce the loads on the trip-free latches less 
than 1 per cent. 

The adjustments.pf the trip magnet have 
been found to be very stable, possibly in 
part because the tripping does not depend 
upon impact and little impact is transmitted 
through the parts. The magnet is strong 
enough to release the latches by pushing and 
requires no impact tp start them. The 
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armature is loaded after very little free 
travel and is stopped by lugs in the air gap. 
Little shock is transmitted through the trip 
rod because most of the weight of the mov¬ 
ing parts of the trip is in the armature. The 
trip-rod adjustment is locked by an elastic 
stop nut which grips the rod and which is 
kept from turning by a locking clip. The 
lock nuts on the trip rod pick up the kick-off 
spring at no load during tripping and in the 
open position support the armature by 
transmitting the force of two relatively 
light springs and consequently little shock 
can be applied to them. 

The force-travel-curve of the mechanism 


is fitted to the force-travel curves of the lift- 
rods of the circuit breakers by toggles and 
lever systems incorporated in the design of 
the circuit breakers. One mechanism may 
be suitable for the operation of several types 
of circuit breakers so the modifications are 
incorporated in the circuit breaker design. 

The interruption of the current on the 
first reclosing operation takes place with a 
contact opening speed the same as on an 
opening which is not to be followed by a re¬ 
closure. The interruption takes place within 
3 cycles, the transient recovery voltage ap¬ 
pears across the contacts within an interval 
measured in microseconds, and it is replaced 


by the system frequency recovery voltage in 
about an additional half-cycle. A^eshown 
by Figure 14 of the paper, for an 11.5-cycle 
reclosure with contacts opening less than 
half of the full stroke, the compressed air to 
retard the opening and reclose the circuit 
breaker is not admitted to the cylinder until 
the end of 3 cycles and the opening speed of 
the lift rod is not retarded until after an in¬ 
terruption would have occurred. 

Reference 

1. Alternating-Current Power Circuit 
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Developing a Superspeed Trip-Free 
Reclosing Circuit-Breaker Mechanism 
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Synopsis : Circuit-breaker engineers are 
challenged by the demands for ever-increas¬ 
ing interrupting capacities of power circuit 
breakers, increases required as load growth 
and nation-wide system interconnections are 
planned. Within the past 10 years the 
maximum interrupting ratings of high- 
voltage circuit breakers has tripled and the 
ceiling is not yet in sight. These high in¬ 
terrupting capacities represent substantial 
increases in the duty imposed on the operat¬ 
ing mechanism, for the magnetic forces 
alone imposed on the contacts of a circuit 
breaker multiply as the squares of the short- 
circuit current. 

Modern operating requirements which 
add to the duty of the circuit-breaker 
operating mechanism are the requirements 
for circuit clearing in 3 cycles and repetitive 
reclosing in intervals as fast as 15 cycles. 
These necessitate the control of accelerating 
and decelerating forces considered extreme 
a few years ago. 

With these new demands for operating 
requirements is a matching development in 
circuit breakers. This paper describes the 
development and design of a new operating 
mechanism offered to meet the advanced 
specifications of high-voltage circuit break¬ 
ers. As specified, this mechanism is re¬ 
quired to control the circuit-breaker con¬ 
tacts for circuit clearing in 3 cycles. Suc¬ 
cessive reclosing operations are to be com¬ 
pleted in intervals as short as 15 cycles 
without intentional time delay. The oper¬ 
ating mechanism continues to be me¬ 
chanically trip-free during any operation 


Paper 52-170, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE Tech¬ 
nical Program Committee for presentation at the 
AIEE Summer General Meeting, Minneapolis, 
Minn., June 23-27, 1952. Manuscript submitted 
March 26, 1952; made available for printing April 
22, 1952. 

L. J, Linde and H. L. Peek are both with Allis- 
Chalmers Manufacturing Company, Boston, Mass, 
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and is suitable for application to the largest 
tank-type circuit breakers now listed in the 
standards. 

The methods used for satisfying these re¬ 
quirements are described. Considerable 
emphasis has been placed on the procedures 
used in testing and proving this new design. 
The value of modern instrumentation in 
establishing valuable measurements and 
other engineering data is an important part 
of this paper. 

E XPERIENCE in the design and 
manufacture of circuit-breaker oper¬ 
ating mechanisms, reinforced with ex¬ 
perience in the field, provides the engi¬ 
neer with certain principles of design that 
are almost basic when applied to circuit 
breakers. These include: 

1. Make it simple and reliable. 

2. Load members in compression or ten¬ 
sion. 

3. Use compression latches with cylin- 
drically ground faces. 

4. Limit the mass inertia of moving parts, 

5. Use shim instead of screw adjustment. 

6. Cushion against harmful vibration at its 
source. 

7. Use rolling instead of sliding surfaces. 

8. Consider the detrimental effects of ex¬ 
posure. 

9 Make it easy to inspect and maintain. 

This list is far from complete and must 
be accepted as guiding principles, not 
mandates, for compromise is necessary 
occasionally. Success of design then, can 
be measured partially by adherence to 
this list. 


For a mechanically trip-free operating 
mechanism a 4-bar linkage has proved re¬ 
liable and simple. The kinematic ar¬ 
rangement, see Figures 1 and 10, illus¬ 
trates how this 4-bar linkage can be ar¬ 
ranged to provide: 

1. Reduced tripping force through a toggle 
reduction. 

2. Increased force near closed position 
through another toggle. 

3. Trip-free operation through a simple 
latch. 

4. Loading of the majority of links in 
compression. 

The 3-cycle operating time required 
of the associated circuit breaker, demands 
that the bayonet type contacts within the 
interruptors must part contacts within a 
time interval of iy 4 cycles after energiz¬ 
ing the trip coil. This specification was 
made more stringent by limiting power 
input to the trip coil to existing values of 
2,000 volt-amperes. The extensive ex¬ 
perience with conventional shunt trip 
solenoids recommended their use because 
of their reliability and simplicity. Ini¬ 
tially it was realized that much would be 
gained were it possible to incorporate this 
simple trip-coil arrangement for all high¬ 
speed trip operations. This objective 
was achieved by using a small lightweight 
and balanced secondary latch engaging a 
primary prop latch. The primaly prop 
latch acted as a temporary block to the 
fourth link of the 4-bar linkage. High¬ 
speed latch disengagement was achieved 
by grinding the primary prop latch about 
a center displaced from its rotational 
center. The vertical force component of 
the fourth link, acting against this dis¬ 
placed arm, provided a controlled trip¬ 
ping force against the final trip latch. 
Careful design of the trip solenoid, to¬ 
gether with the mechanical refinements of 
the simple trip linkage, furnished the 
high-speed disengagement required. The 
need for critical adjustments of all prop 
latches and rollers is omitted by using 
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Figure 2 (left). Calculated air 
pressure decay curves of a 
565-cubic-inch cylinder. The 
effect of various exhaust open¬ 
ing areas is shown. An orifice 
factor of 0.6 was used 


Figure 3 (right). Paths of tog¬ 
gle pin A from Figure 1 or 
Figure 10 


machined surfaces or solid shims for en¬ 
gagement stops. 

This mechanically trip-free linkage, 
simple and reliable in itself, contributes 
much to the reliability of circuit breaker 
operation. Actual mechanical motions, 
whether tripping from the closed position 
or tripping free while closing, differ only 
in degree and in the time required to re¬ 
couple and relatch. When tripping from 
the closed position, the piston ram is at 
the bottom of its stroke. Pin A , Figure 1, 
has only to roll free of the closing prop as 
the linkage collapses. Powerful reset 
springs then recouple the linkage and a 
reclosing operation can be initiated as 
soon as the latch check switch indicates 


that the linkage can recouple and drive 
the circuit-breaker contacts closed again. 
Calculations showed that the piston and 
piston ram should return to the open 
position in less than 3 cycles in order to 
achieve this high-speed mechanism re¬ 
coupling and circuit breaker reclosing 
without delay. Piston return could only 
be achieved after the operating cylinder 
dumped its load of compressed air. The 
springs acting on the piston could return 
it, once air was dumped, in 2 cycles. The 
problem was, therefore, one of discharging 
as much as 8,000 cubic inches of free air 
from a cylinder of about 600 cubic inches 



of displacement in 1 cycle. Figure 2 il¬ 
lustrates the time characteristics of vari¬ 
ous exhaust openings when dumping air 
at 200 pounds per square inch from this 
cylinder. In reviewing this curve it was 
apparent that at least 24 square inches of 
exhaust area would be required and that 
the initial operating pressure had little 
effect on this time. A solenoid valve with 
24 square inches of exhaust area would be 
prohibitive and conventional dump valves 
quite impractical. Design experience 
with certain air-blast circuit breakers 
where the air is dumped from operating- 
cylinders through a false cylinder bottom 
offered a practical solution. Figure 1 il¬ 
lustrates the cylinder arrangement used 
on the PN-12 for high-speed air exhaust. 
An intermediate casting between the 
cylinder and the lower cylinder head is 
arranged with an annular opening near its 
outer wall. A light exhaust valve disk 
closes this annular opening to seal the 
cylinder from the outside. Compressed 
air, after entering the lower casting, flows 
through a number of holes in the valve 
disk and forces the piston upward. 


re-engagement of the trip latch. 

Tripping free during a high-speed re¬ 
closing operation, this same pin A rolls 
off of the face of the piston ram, then 
waits for the piston ram to approach its 
bottom position to recouple the linkage 
and trip latch. The latch check switch 
again indicates trip latch engagement and 
invites another reclosing operation. 

The similarity in these opening opera¬ 
tions makes it possible to use a single and 
simple trip coil, energized through a con¬ 
ventional control circuit. A transfer of 
control circuits to other trip coils or to 
solenoid valves is unnecessary for either 
tripping or trip-free operation. 

A 15-cycle reclosing operation immedi¬ 
ately after a prior reclosing operation 
presents a real problem; that of returning 
the piston and piston ram to the fully 
open position in the least possible time so 
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When the flow of air is cut off a small 
pilot exhaust valve is opened, and the de¬ 
cay of air pressure in the lower head cast¬ 
ing forces the exhaust valve disk down¬ 
ward, The air in the operating cylinder 
then exhausts through the 24-square- 


inch annular opening uncovered by the 
valve disk. A smaller disk valve pro¬ 
hibits a return flow of air through the 
holes in the exhaust valve disk. 

Figure 1 also pictures the final operat¬ 
ing mechanism assembly^ and emphasizes 


its breakdown into subassembly units. 
The entire trip mechanism is an inter¬ 
changeable subassembly with no need, or 
provision, for, critical adjustments. The 
mechanism frame carries the sturdy 4-bar 
linkage and reset springs. Mounted to 
the bottom of the mechanism frame is the 
operating cylinder assembly which in¬ 
cludes the high-speed dumping arrange¬ 
ment, heavy piston reset springs, and a 
special buffer design that stops the piston 
against a resilient pad at the end of its 
closing stroke. Air controls include a 
standard solenoid valve for admitting air 
to the cylinder and a conventional low- 
capacity dump valve that functions as a 
pilot for the cylinder dump disk. 

Unique to this application are two 
special air-operated controls. The first is 
the air-valve cutoff switch, see Figure 1, 
which functions as a small air-blast circuit 
breaker to de-energize quickly the sole¬ 
noid valve coil at circuit breaker closed 
position. It is equipped with a holding 
coil that holds the switch open, once the 
air blows it open, until the main control 
circuit is de-energized, thus providing the 
antipumping function conventionally per¬ 
formed by a F relay. The second is a 
pneumatically operated seal-in switch, 
see Figure 1, that seals in around the 
closing control contacts as soon as pres¬ 
sure enters the cylinder. This not only 
provides for completion of a closing opera¬ 
tion, once started, but also prevents seal¬ 
ing in the solenoid air valve when no pres¬ 
sure is available at the valve. This 
switch, by its seal-in action, provides 
positive flip-free operation. The solenoid 
air valve for closing requires a modest 
value of current. These two conditions 
make possible, and very desirable, the 
omission of the X relay. Hence, neither 
the X nor Y relays are used with this 
operating mechanism. 

Design Tests 

In the development of a new piece of 
apparatus, good engineering practice re¬ 
quires that a prototype of the product be 
tested under the most severe operating 
conditions. A detailed test schedule was 
prepared to provide the engineers with a 
maximum of information during this test 
program. In addition to performance 
tests, life tests, maximum loading tests, 
trip-free operations, and so forth, engi¬ 
neering information was to include the 
following: 

1. A measurement of transient stresses of 
selected areas in the mechanism under the 
transient conditions of repetitive reclosing 
after trip-free operations. 

2. The measurement of the transient 
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pressures within the air system during 
operations. 

3- _ Tra.xi.sient stresses throughout the cir¬ 
cuit -bre^icer linkage. 

4. Accelerations and velocities of various 
moving- jparts. 


5 . A record of the true paths of motion of 
the 4-bar linkage during closing and trip¬ 
ping. 


The instruments selected to make this 
study included: 


1. A 1 52-element magnetic oscillograph. 

2. MuJ -tiple-channel amplifiers. 

3. Resistance-type strain gauges. 

4. Resistance-type pressure recorders. 

5. Sup e:r speed motion picture camera, 500- 
3,000 frames per second. 

6. Special resistance-type rotary travel 
recorder for trip toggle crankshaft. 

7. A sjpccial drum and pencil-type travel 
recorder for circuit breaker movable mem¬ 
ber, see Figure 12. 

8. A sjpecial device for determining paths 
of motion, of 4-bar linkage. 


History of Tests 


Turing; the early tests some difficulty 
was experienced in latching the circuit 
breaker closed after a reclosing operation. 
The super speed movie camera supplied a 
visual record of unpredicted mechanical 
motions. The props used to hold the 
closing toggle closed were found to bounce 
from their stops and failed to accept the 
load of tire closing toggle when the piston 
ram started its return stroke. Metallic 
buffer stops for the props eliminated this 
bounce and cured the trouble. The test 
program was then extended to include 
superspeed movies of all areas where un¬ 
usual motions or stresses were involved. 

Figure 14 pictures the final arrangement 
of the mechanism and shows the closing 
prop, the main closing toggle, the primary 
latch, and the piston rod. An opening has 
been cut in the main frame to expose the 
primary latch. A resistance-type rotary 
travel recorder coupled to the fourth and 
tripping link shaft was used for oscillo¬ 
graph records. Figure 5 shows a typical 
oscillogram that includes control opera¬ 
tions, meclianical motions, certain strain 
measurements, and pressure values. Fig¬ 
ure 3 illustrates, on a small scale, the 
travel of Ifhe toggle pin that carries the 
piston ram roller for closing, first trip free, 
and subsequent trip-free operations. 

Turing* "these tests, the mechanism was 
coupled to a triple-pole tank-type circuit 
breaker ru/ted at 161 kv 7,500,000 kva. 
This circidt breaker incorporates new in¬ 
terrupters that depend on heavy impulse 
springs working during the last several 
inches of closing motion. Figure 4 is a 



TIME<1N CYCLES 


Figure 6. Speedgraph taken simultaneously with oscillograph of Figure 5 


record of two reclosing operations of this storage tank locked the control circuits 
circuit breaker by the PN-12 operating open. 

mechanism. This chart records contact Figure 6 is a reproduction of a record 
parting FA cycles after energizing the made by the special travel recorder and 

trip coil. It shows that the mechanism shows 3 complete operations where the 

has relatched in approximately 3 cycles circuit breaker starts and ends in the 

and that the contacts have reversed their closed position. 

motion after 17 inches of movement and Once the early adjustments and modi- 
are recontacting in slightly more than 14 iications of shakedown tests were coni'- 

cycles. Pressure build-up in the cylinder pleted a 3-pole 161-kv 7,500,000 kva cir- 

and piston ram travel are shown. The cuit breaker and operating mechanism 

second reclosing operation is completed in was turned over to the test and inspection 

a fraction more than 15 cycles. Other organization for an extended life test, 

reclosing operations might have been This design life test included : 

carried on until minimum pressure in the 1. Three thousand normal closing and 
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Figure 7, Speedgraph of close-open operations illustrating difference in speed between 
mechanically trip-free and nonmechantcally trip-free circuit breakers 



normal opening operations at maxim! 
pressure. 

2 . Two hundred duty-cycle operations* 

3. Three hundred 4-shot instantaneous re¬ 
closing operations. 

4. Five hundred mechanical trip-free oper¬ 
ations (trip coil energized by the making of 
the circuit-breaker contacts). 

5. Twenty trip-free operations from the 
hand-closing jack. 

After this total of 4,000 operations was 
completed, miscellaneous tests such as 
early trip-free operations, operations 
under maladjustments, low pressure, and 
so forth, were made. All tests were satis¬ 
factory. 

Figure 7 offers some strong evidence of 
the advantages of a mechanically trip- 
free mechanism. Three opening curves 
are shown: 

1. Where the circuit breaker was opened 
mechanically trip free. 

2 . Where the circuit breaker was opened 
pneumatically trip free by operating the 24- 
square-inch exhaust through a tlnree- 
quarter-square-inch pilot exhaust. 

3. Shows a similar operation where the 
pilot has been increased to 3 square inches. 

Both of the pneumatically trip-Tree 
operations suffer a delay in contact part¬ 
ing while air is being exhausted from the 
cylinder. The mechanical trip-free opera¬ 
tion effectively uncouples the circuit 
breaker linkage from the operating piston. 
Circuit-breaker contacts are free to open 
at their normal speed without regard to 
piston position. No dependence is placed 
on any portion of the air system or the 
compressed air itself for this trip-free 
operation. 

Summary 

By providing a simple and large area 
air exhaust at the operating cylinder, the 
advantages of a mechanically trip-free 
mechanism are applied to superspeed re- 
closing circuit breakers. Simple arrange¬ 
ment of a single shunt-trip solenoid and 
compression latches operates with suf¬ 
ficient speed to insure circuit interruption 
in 3 cycles. A combination of pneumatic 
and electrical operations has resulted in 
simple and reliable control operations. 
Modern instrumentation has been of real 
value in testing and proving this operat¬ 
ing mechanism under the extreme condi¬ 
tions of high load and high speeds. Tran¬ 
sient stresses, pressures, and motions are a 
matter of record. Superspeed movies 
have disclosed reactions unsuspected dur¬ 
ing the early design stages. The initial 
operating record of this operating mech¬ 
anism has been gratifying. 
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Figure 9 (left). Air 
system piping dia¬ 
gram. The construc¬ 
tion, by avoiding 
water pockets, pro¬ 
vides for complete 
drainage of any 
moisture into the 
storage tank 
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Figure 11. Right-hand side view of operating 
mechanism showing arrangement inside the 

cabinet 
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Figure 10 (left). 
Mechanical - linkage 
diagram illustrating 
the tripping or trip- 
free action of the 
operating mechanism 


ZERO VOLTS 


BUILD UP OF 
THE CURRENT 


Figure 12 (above). Graphic speed analyzer 
used to obtain full-scale circuit breaker travel 
in cycles of time 


ZERO CURRENT 


CONTACTS OPEN 


Figure 13 (left). Oscillograph taken during 
development of pneumatically operated air- 
valve cutoff switch. Air-valve current is in¬ 
terrupted in 0.2 cycle 
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Mechanism approaching closed position at end of first re¬ 
closure. Main prop beginning to fall under prop roll ( 14 3 /4 

cycles after first trip) 


Ram at bottom of stroke, cycles later (4 cycles after 
second trip). Note that it would take approximately 2 cycles 
for the mass of ram and piston to be retrieved if no air 

were under piston 


Ram begins to return. Note clearance beginning to open Circuit breaker all the way closed second time and be- 

up between roll and over-travel stop, 1/4 cycle later (17s ing tripped for third opening, 10 cycles later (167 2 cycles 

cycles after second trip) a f ter seconc | tr \ P/ 3 -] i / 2 cyc | es after first trip) 


l 

Figure 14 . Blown-up frames from high-speed movie film chosen at selected intervals during second reclosure of an open—15-cycle close-open— 

16 1 /2-cyclc close-open 16 6 /s-cycle close-open—16 3 /4-cycle close duty cycle 
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Discussion 

Otto Naef (American Gas and Electric Serv¬ 
ice Corporation, New York, N. Y.): This 
new 3-cycle operating mechanism is built 
around simple, sturdy elements well proved 
in earlier mechanism designs. It retains the 
mechanical trip-free feature without any 
compromise. Mechanism linkage, latches, 
solenoid trip magnet, and control valves are 
of conventional design. These elements 
have been adapted to high-speed tripping 
and reclosing duty by the addition of a 
lightweight secondary latch, a high-speed 
cutout switch for the control valve, and a 
rather elaborate arrangement for exhausting 
the air from belpw the driving piston. 

Mechanical trip-free action has the ad¬ 
vantage of dissociating the opening of the 
circuit breaker from the retarding effects of 
back pressure, inertia, and mechanical 
friction of the pneumatic piston. If accom¬ 
plished without undue complication, as 
seems to be the case with this mechanism, 
it is a very desirable feature. Since the trip- 
free linkage must reset before a closing 
operation can be started after tripping, re¬ 
closing times are of necessity longer than 
with mechanisms w'hich are only pneumat¬ 
ically trip free. That, in spite of this handi¬ 
cap, the first reclosing operation is completed 
after 14 cycles, and successive reclosures are 
possible in little more than 15 cycles, must 
be considered a remarkable achievement. 


It has happened that operating mecha¬ 
nisms for circuit breakers failed to close fully 
under adverse conditions, such as extremely 
low temperatures, excessive friction, and so 
forth. The consequences of such failures 
have been the burning out of shunt re¬ 
sistors and internal flashovers to the tank, 
resulting in costly damage and prolonged 
outage. The users would like to see a safety 
device incorporated in the mechanism, re¬ 
turning it automatically and swiftly to the 
open position if latching does not occur 
within the normal closing time. It appears 
that it should not be difficult to attach such 
a device to the mechanism described imthis 
paper. X ' 

L. J. Linde and H. L. Peek: The authors are 
pleased with Mr. Naef’s evaluation of this 
new circuit-breaker operating mechanism. 
The emphasis he places on simplicity and 
conventional design confirms the designers’ 
judgment in practicing basic and straight¬ 
forward kinematics. 

He recognizes the special high-speed cyl¬ 
inder dump construction as a rather elabo¬ 
rate arrangement, but credits this design for 
achieving successive circuit breaker reclo¬ 
sures in as little as 15-cycle intervals. For 
circuit breakers that do not require high¬ 
speed reclosing during successive operations 
it is quite practical to substitute a simple 
cylinder base and low-capacity dump valve 
for the special cylinder exhausting system 


described in the paper. This ^ditional sim¬ 
plification can be made without sacrifice to 
the high-speed characteristics of the first re¬ 
closing operation and without disturbing the 
high-speed tripping characteristics. The 
mechanical trip-free operation of the circuit 
breaker must be credited with making this 
simplification possible. 

Mr. Naef offers an original thought re¬ 
garding the protection of the circuit breaker 
against improper closing operations. If ad¬ 
verse conditions were to affect the closing 
characteristics of this operating mechanism 
or any mechanism that is mechanically trip 
free, it is quite practical to provide a safety 
device that will trip the circuit breaker 
through the trip coil by a time-delay relay or 
by contacts that would recognize this im¬ 
proper operation of the operating mecha¬ 
nism. 

There appears to be a number of meth¬ 
ods available for obtaining such protection, 
the need for which will undoubtedly be es¬ 
tablished by the user of circuit breakers. 

We would like to point out, however, that 
protection is provided by the closing toggle, 
giving increased force where increased clos¬ 
ing load is encountered, and by the practice 
of setting the lockout pressure switch at a 
point sufficiently above the minimum closing 
pressure to provide for positive dosing 
against adverse conditions. These safe¬ 
guards have prevented such a failure during 
development tests which have simulated ex¬ 
treme field conditions. 
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